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ABSTRACT
Incorporation

IX into Chlorophyll 2 and

of Protoporphyrin

Purification

and Properties

of(-) S-Adenosyl-L-

methionine-Magn.esium

Protoporphyrin

IX

Methyltransf erase
by
Jii Shieh, Doctor of Philosophy
Utah State University,

1973

Thesis Director: Dr. Gene W. Miller
Department: P.lant Nutrition and Biochemistry

Experiments

on the incorporation

of

14
C-protoporphyrin

IX into chloro-

phyll indicate that ferrous iron may be involved in reactions between protoporphyrin IX and chlorophy~l.

Experiments

using both health and chlorotic tobac-

co tissue for incorporation

studies show that incorporation

of protoporphyrin

IX

into chlorophyll was activated by Fi+.
s-adenosylmethionine-magnesium

protoporphyrin

IX methyltransferase

(E. C. 2. 1. 1. 11) which catalyzes the re2.ction between S-adenosylmethionine
Mg protoporphyrin

IX to form S-adenosylhomocysteine

IX monomethyl ester was demonstrated
was found principally

and Mg protoporphyrin

in barley seedlings.

in whole chloroplasts

and

and fractions

Methyltransferase

containing mitochondria

X

were disintegrated

chloroplasts.

Use of detergent Tween 80, precipitation

with protamine sulfate and ammonium sulfate gave a 20-24 fold purification.
The purified enzyme exhibited only one protein band after polyacrylamide
electrophoresis

(but the absence of other constituents

Both Mg protoporphyrin
for the methyltransferase

cannot be concluded).
IX serve as substrates

reaction; however, the reaction rate with the latter

was only about one-fourteenth
was proportional

IX and protoporphyrin

gel

of that found with the former.

Enzyme activity

to incubation time up to one hour; the enzyme remained active

up to 3 hours but decreased

sharply in activity with further incubation.

Kinetic studies indicated that methyltransferase

is active over a broad

pH range with maximum activity around pH 7. 5 with Tris-HCl buffer (the enzyme is also active in phosphate buffer at pH 7. 5). At pH 7. 5 in Tris-HCl
buffer and at 37° the apparent Michaelis constant (Km) for Mg protoporphyrin
IX and S-adenosylmethionine

was 48 and 39 pM, respectively.

Only trace

enzyme activity remained after being heated at 60° for 5 minutes,
. Either Spadenosylethionine

or S-adenosylhomocysteine

a competitive inhibitor with respect to S-adenosylmethionine
ferase reaction,

while heroin (ferric protoporphyrin

inhibitor with respect to Mg protoporphyrin
to be essential for the methyltransferase
thiol activators

and inhibitors.

was found to be
in the methyltrans-

IX) was a non-competitive

IX. Thiol groups were suggested
reaction in experiments

involving

xi
The enzyme tolerated
but not acetone or ethanol.
activity whereas

Coproporphyrin

protoporphyrin

served as a substrate).
acid,

2+

, Fe

3+

of 10 per cent methanol,

III (0. 10 mM) enhanced enzyme

IX (0. 20mM) had little effect (although it alone

Chelating agents like diethylenetriaminepentaacetic

1, 10-phenanthroline

such as Fe

at a final concentration

and F

(3 mM) and chromotropic
-

(each at a concentration

acid (3 mM), and salts
of 1 mM) inhibited

enzyme

activity.
Since the methylation
c(, o( 1-dipyridyl
protoporphyrin

of protoporphyrin

(3 mM), this may indicate
ring before methylation

the enzyme reaction

when protoporphyrin

IX was inhibited by EDTA and

that metals

takes place.

may be inserted

into the

Aerobic conditions

favored

IX or Mg protoporphyrin

IX served

as substrate.
Four different

plant species

were tested for methyltransferase

The highest enzyme activity was found in cucumber,

followed by barley,

soybean seedlings.

(115 pages)

activity.
pea and
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INTRODUCTION

The first
the red pigment

indication

that the green pigment of plants

from animals

(hemoglobin)

from the work of Hoppe-Seyer

in 1880.

were related

He treated

(porphyrin)

derived

With the establishment
was theorized
experiments

spectrum

with alkali
resemblance

from heme.

of the structures

of heme and chlorophyll

that a common pathway of biosynthesis
of Shemin and coworkers

acid was later

and

to each other came

chlorophyll

and obtained a red pigment that bore a porphyrin-like
to a pigment

(chlorophyll)

existed.

(1956) established

it

The labeling

that 8-aminolevulinic

found to be formed from glycine and succinyl

CoA (Shemin,

1956).
Granick
from Chlorella
ments established
synthetic

(1948a and b) isolated

protoporphyrin

mutants which were unable to form chlorophyll.
that chlorophyll

and heme share

pathway up to the common intermediate
It has been suggested

that chlorophyll

formed following similar

pathways.

isolation-of

.§!.(i.e.,

pheophorbide

et al. , 1956) and protochlorphyll
monas mutants.

and Mg-protoporphyrin
These experi-

intermediates

in the bio-

protoporphyrin.

and bacteriochlorophyll

Support for this assumption
Mg and phytol-free

(Stanier and Smith,

chlorophyll

are

came from
a) (Sistrom

1959) from Rhodopseudo-

2

S-adenosylmethionine

- Mg protoporphyrin

methyltransferase

2. 1. 1. 11) which was first detected in photosynthetic
(Rhodopseudomonas

spheroides)

of S-adenosylmethionine

(Gibson et al.,

with Mg protoporphyrin

cysteine and Mg protoporphyrin

non-sulfur

(E. C.

bacteria

1963), catalyzes the reaction
IX to form S-adenosylhomo-

IX monomethyl ester as shown in Figure 1.

'This enzyme is also involved in the biosynthesis
the formation of chlorobium chlorophyll

of chlorophyll in plants and

(bacterioviridin)

in green sulfur bac-

teria.
An iron requirement

has been suggested at three sites in the biosyn-

thetic pathway for chlorophyll; the formation of S-amino-levulinic
glycine and succinyl CoA, conversion of coproporphyrinogen
and the transformation
The objectives

of magnesium protoporphyrin

the methyltransferase

in chlorophyll biosynthesis.

whether iron was re-

of chlorophyll from protoporphyrin

enzyme and 3) to characterize

to protoporphyrin,

monomethyl ester.

of this study were 1) to determine

quired in the biosynthesis

acid from

IX, 2) to isolate

it in relation to its role

CH
2
II
CH

CH3

HiP

~

'

/

Hf

y

CH2

Mg protoporphyrin

CH;3
..
I H2

~J

+

H-y-NH3

. ·c_:o

2

'

yH2

cH2
J

Mg protoporphyrin
IX
rnonomethyl ester

Compounds involved in the (-)-S-adenosyl-L-methionine-magnesium
methyltransferase
reaction.

I

CHz
I

CHz

CH.3

COOH

S-adenosyl-L-methionine

+

9,

H:f

¢c)

r
-t5-CH2

',M /
~

CH2
6ooH

IX

1:3c
~

I

4-CH 2

CH

. 2

CH2

NH2

CH3

H

I.

I.

C Hz
I
9H2
COOH

Figure 1.

1H3
+5·-·-

+

~

II

CH

6)

9CH2

CH

N /2

. 'Mg
/
',
N

CH2

NH
2

lH2
CH2
I
C"""O

I ,..
H-C-NH.3

6~

OH

OH

" 0 CH.3
S-adenosyl-L-homocysteine

protoporphyrin

IX

4

REVIEW OF LITERA TIJRE

Heme and Chlorophyll Biosynthesis

The name ''chlorophyll"
volved in the photosynthesis

was given initially to the green pigment

of higher plants (Pelletier

More recently it has been extended to all classes
role pigments.

of photosynthetic

in the series of pro-

The close structural

and functional

between chlorophyll and heme, the prosthetic

globin, was firmly established

tetrapyr-

energy is converted to the potential chemical

energy of stable organic compounds.
similarities

and Caventou, 1818).

These pigments are of focal importance

cesses by which electromagnetic

in-

group of hemo-

by S. Granick (1948a and b), He demonstrated

that heme and chlorophyll shared a common biosynthetic pathway with protoporphyrin IX being the last shared intermediate.
The tetrapyrrole

biosynthesis

phyll is a sequence of reactions
ings and conjectures

shown in Figure 2 that summarizes

of investigators.

leagues (1956) demonstrated

pathway shared by both heme and chloro-

The classic work by Shemin and his col-

for the first time that 8-Aminolevulinic

formed from the condensation of glycine with succinyl-CoA.
these results led to the recognition that S-aminolevulinic
precursor

in the heme biosynthesis

The enzyme 8-aminolevulinic

the find-

acid is

Furthermore,

acid is an immediate

pathway.
acid synthetase is thought to operate by

removing the glycine carboxyl group and the CoA from succinyl CoA, with

8 Glycine

Fe?
ALA synthetase
~
8 CO 2 + 8 CoA

+

8 Succinyl CoA

>

8 S-aminolevulinic

Urogen I synthetase

Uroporphyrinogen

I

U rogen I syntheta se

Uroporphyrinogen

III

ALA dehydratase

acid

intermediates?
Urogen decarboxylase

>

4 Porphobilinogen

Coproporphyrinogen

Urogen III cosynthetase
~4NH

~4CO
3

Fe?, intermediates?
Coprogenase

>

Protoporphyrinogen

>

IX

\:6H

4iFerrochelatase

Magnesium

Chelatase

Heme

Mg Protoporphyrin

- - - - -

+Mg

Figure

2.

Summary

of the path of heme biosynthesis

2

➔

Chlorophyll

Protoporphyrin

IX

III

6

subsequent

aldol condensation

to form 8-aminolevulinic

levulinic

acid synthetase

has been demonstrated

(Brown,

1958) and Rhodopseudomonas

acid.

to exist in avian erythrocytes

(Kikuchi et al.,

1958), it is still as-

sumed that it is also present

in algae and higher plants

1971).

that this reaction

It has been suggested

the succeeding

tetrapyrrole

biosynthesis.

aminolevulinic

acid synthesis

(Granick and Sassa,

is the rate-limiting

The involvement

was suggested

Although amino-

step for

of iron in 8-

in duck blood cells and cow pea

leaf by Vogel et al. (1960), and Marsh and Evans (1963a and b), respectively.
Porphobilinogen,
chlorophyll,

the next intermediate

is a product of the Knorr condensation

aminolevulinic

acid with concomitant

Aminolevulinic

acid dehydratase

and Miller,

1969; Granick,

(Gibson et al.,

from four molecules
Uroporphyrinogen

phyrinogen
Granick,

of two molecules
of 2 molecules

has been detected

1954), animals

of 8-

of water.

in higher plants

(Gibson et al.,

are involved in the removal
of porphobilinogen
I synthetase

III cosynthetase
1953),

elimination

of heme and

(Shetty

1955), and bacteria

1955).

Two enzymes

III.

in the biosynthesis

The former

1958a) and the latter

in the formation

(porphobilinogen

were first detected
was later isolated

in wheat germ (Bogorad,

obtained from Rhodopseudomonas
lyzed chicken erythrocytes

of 4 molecules

of uroporphyrinogen

deaminase)

in Chlorella

and Uropor-

(Bogorad and

from spinach leaves
1958b),

(Hoare and Heath,

(Falk et al, 1953).

of ammonia

Similar

(Bogorad,

results

were

1959) as well as hemo-

7

Uroporphyrinogen
coproporphyrinogen

decarboxylase,

from uroporphyrinogen

carboxyl

groups,

was first detected

Granick,

1958).

Subsequently

monas (Hoare and Heath,
tion of uroporphyrinogen
porphyrinogen

hydrogen

1959).

It has been proposed
enough to permit
intermediates,

oxidase

atoms and two carboxyl

first demonstrated

via the removal

proporphyrinogen

groups.

of six hydrogen

1966).

catalyzes

the

by removing
conversion

atoms.

four

to protopor-

This enzume was

(Granick and Mauzerall,

1970) and tobacco

(Hsu and Miller,

groups and 2, 4-Bis(J3-hydroxypropionic

reaction

A role of iron in the biosynthesis

(Sano and Granick,
Miller,

(Tait,

of uro-

1968).

Subsequent

IX have been suggested

to protoporphyrin

the detection

to protoporphyrinogen

with three carboxyl

acid) deuteroporphyrinogen

and

most notably those with

in Euglena and chicken erythrocyte

A porphyrin

(Mauzerall

(coproporphyrinogenase)

1958), and then in Rhodopseudomonas
1970).

of four

that the decarboxyla-

groups (San Martin and Grinstein,

of coproporphyrinogen

phyrin is affected

through the removal

of

this enzyme has been shown in Rhodopseudo-

is deliberate

Coproporphyrinogen

the formation

in rabbit reticulocytes

to coproporphyrinogen

7, 6 and 5 carboxyl

conversion

which catalyzes

as intermediates

(Sano and Granick,

of protoporphyrin

1961), Rhodopseudomonas

(Tait,

in the co1961; Sano,

was proposed

1972) and tobacco

in liver

(Hsu and

1970).
Protoporphyrin

chlorophylls.

Insertion

of heme - the prosthetic

IX is the last precursor

common to both heme and

of iron into protoporphyrin
group in hemoglobin,

IX leads to the formation

myoblogin,

cytochromes,

and

8

some enzymes.

The incorporation

form magnesium

protoporphyrin

in Figure

catalyzes

in higher plants.

the conversion

ine to magnesium

of magnesium

protoporphyrin

of corn seedlings

chlorophyllase,

chlorophyll

protoporphyrin

monomethyl

ester

1967).

1963) and in a
The second enbetween

1928; Bacon and Holden, 1970).
IX and the chlorophylls

Protoporphyrin,

from Chlorella

(1963) later isolated,

and protochlorophyllide
system.

which accumulate

Structures

in Chlorella

pathway (Ellsworth

nesium protoporphyrin

monomethyl

2-monovinyl

__

derivative

(Gibson et al.,

and transesterification

and Stoll,

which

magnesium
a 5 monomethyl

mutants by Granick

2,4-divinylpheopor-

None of the steps between magnesium

to occur in a cell-free

biosynthetic

only two enzymes

and S-adenosylhomocys-

2-vinyl-4-ethylpheoporphyrin

Jones

ester.

the porphyrins
proposed

hydrolysis

were isolated

monomethyl

ester

and Bogorad,

investigators.

and magnesium

(1948a, 1948b and 1950).

strated

is outlined

and S-adenosylmethion-

between protoporphyrin

by various

(protochlorophyllide)

5

(Radmer

with phytol (Willstatter

have been reported

porphyrin

IX to

methyltransferase,

protoporphyrin

monomethyl

catalyzes

Several intermediates

phyrin a

the chlorophylls

of chlorophyll

First

was detected both in Rhodopseudomonas

crude extract

ester

and subsequently

stages of the biosynthesis

have been demonstrated

zyme,

into protoporphyrin

3.

In the latter

teine,

of magnesium

proto-

have yet been demonhave been suggested

mutants

for

and appear to fit in the

and Aronoff~ 1968 and 1969): Mag-

ester

__ 6-J3-hydroxyl

6 acrylic
propionic

methyl ester,

methyl ester,

Protoporphyrin

IX

Magnesium

chelatase

Mg Protoporphyrin

>

monomethyl

- - - - - - - - - > Mg 2-vinyl,

ester - - - - - ->

Mg, 2, 4-divinyl

4-ethyl pheoporphyrin

a

5

pheoporphyrin

monomethyl

ester

a 5 monomethyl

Chlorophyll~

Protochlo rophy 11
2H

phytol

Proposed

Chlorophyll~

+ phytol

2H

3.

ester

(Protochlorophyllide)

Chlorophyllase

Chlorophyllide

Figure

>

+ S-adenosylmethionine

+Mg

Mg protoporphyrin

Methyltransferase

route for the biosynthesis

of chlorophyll~

from protoporphyrin

IX.

10
2-monovinyl
derivative

derivative
--~

chlorophyllide).
reduction

___

6-)3-ketopropionic

2-vinyl-4-ethyl

phroporphyrin

In this sequence

of the 4-vinyl

are present,

formation

side chain,

monovinyl derivative

The conversion

of protochlorophyllide

atoms occurs

light for the reaction
panied by a protein

halochrome

protochlorophyllide
the addition

chlorophyllide
hydroxyethyl

Richards

1960).

of Chlorobium

occurs

650 and Chlorobium

is also carried

reduction

chlorophyll-660

through the intermediates
Mg phoporphyrin-660.

extent the
out through

to chlorophyll.

and chlorophyll,

chlorophyl-

In Rhodopseudomonas,
through 2-devinyl-2-

(J..-

r/....-hydroxyethyl bacteriochloroand Lascelles,

(1967) have suggested
chlorophyll-650

is then phyty-

that to a lesser

conversion

(Richards

in vivo is accom-

Chlorophyllide

to bacteriochlorophyll

and Rapoport

at 650 nm) and Chlorobium
methyl ester

(Smith,

2-desacetyl-2-

by addition of

but most plants require

Protochlorophyllide

of bacteriochlorophyll

chlorophyllide,

(proto-

ring is preceded

to chlorophyllide

the last common intermediate.

is converted

ester

is predominant.

It has been suggested

phyllide and bacteriochlorophyllide

the formation

of the isocyclic

of a phytol group with subsequent

lide is apparently

monomethyl

1966).

to protochlorophyll

In the biosynthesis

5

in the dark with Chlorella,

(Granick,

lated to form chlorophyll.

a

2-monovinyl

and both monovinyl and divinyl derivatives

however,

two hydrogen

methyl ester,

1959).

that in Chlorobium,

(a spectral

absorption

from Mg protoporphyrin
of Chlorobium

maximum
mono-

Mg phoporphyrin-

by

11

Methyltransferase

Pertinent
magnesium
ester

to this paper,

protoporphyrin

are described

(1948a) detected

mediate

IX.

of Chlorella

a brown-colored
Protoporphyrin

mutants,

was identified

was irradiated

which was later

(1948b) isolated

a pink fluorescent

pigment which

IX.

pigment was

protoporphyrin
maxima

magnesium

(protochlorophyllide)

IX ____

as an inter-

Then using a different

as magnesium

biosynthesis

Granick

found to be proto-

considered

This isolated

protoporphyrin

namely,

IX.

magnesium

from another

as follows:

strain

of

(418, 551 and 589 nm) and relative
Granick

(1950) identi-

2-vinyl-4-ethyl-pheo-

strain of Chlorella

Using the data obtained from these three experiments

porphyrin

IX monomethyl

of chlorophyll.

pale green pigment,

of chlorophyll

IX through

with x-rays,

IX was consequently

Granick

band heights as synthetic

porphyrin

protoporphyrin

substance

found to have the same absorption

fied another

from protoporphyrin

IX to magnesium

in the biosynthesis

Chlorella

the reactions

Enzyme Systems

in more detail below.

When the culture

porphyrin

and Its Related

mutants.

he postulated

Protoporphyrin

...;;.. Mg 2-vinyl-4-ethylpheoporphyrin

IX

--

the scheme
Mg Proto-

...>.>

a 5 (protochlorophyl-

lide).
From the perspective
Granick proposed
magnesium
(Granick,

that there

protoporphyrin
1961) reported

gained through his work with Chlorella
should be some intermediate

compounds

IX and Mg 2-vinyl-4-ethylpheoporphyrin
the isolation

and identification

mutants,
between
a .
5

of magnesium

He

12
protoporphyrin
another

IX monomethyl

strain of Chlorella

ester and protoporphyrin

IX mono ester

mutants.

In addition to large amounts of protoporphyrin
vinyl pheoporphyrin

IX and magnesium

a , Granick (1959) also demonstrated
5

the formation

small amounts of Mg protoporphyrin

IX and Mg protoporphyrin

ester when shoots of etiolated

barley

seedlings

levulinic

of the chelating

acid in the presence

nesium protoporphyrin

IX monomethyl

between Mg protoporphyrin
IX monomethyl

ester

reagent J..,

IX and chlorophyll.

might be an artifact

Knowledge concerning

with 8-amino1

-dipyridyl.

of Chlorella

pound was incorporated

from Mg protoporphyrin

procedure

(Burnham,

of propionic

free derivatives

were incubated with formate

into methyl pheophorbide

in R.

is reversed
of homserine

-

1969).

acid in the tetra-

14

c,

They showed that
the labeled com-

(the phytol and magnesium-

of chlorophyll).

Ethionine and threonine
synthesis

Mag-

protoporphyrin

ring first came from the work of Green et al. (1957).

when cultures

of

to be an intermediate

However,

derived

the methylation

j

2-

IX monomethyl

were treated

ester appeared

Ix mono methyl ester during the extraction

pyrrole

from

spheroides

by methionine

have been shown to inhibit bacteriochlorophyll

(Gibson et al.,
and threonine

or methionine.

nine may be a direct precursor

1962).

The ethionine intereference

inhibition is prevEinted by application

From these results
of the methyl ester

it was postulated

that methio-

group of bacteriochlorophyll.

13
When Rhodopseudomonas
14

C-labeled

methionine,

All the readioactivity

spheriodes

the radioactivity

was present

was grown in media containing
appeared

in bacteriochlorophyll.

in methyl alcohol upon degradation

of bac-

teriochlorophyll.
Lessie

and Sistrom

monas spheroides

(1964) reported

were starved

for sulfur some porphyrins

the formation

of bacteriochlorophyll

were achieved

when a methionine

nine.

It was then suggested

the formation

ial and plant species.
culture

was completely
auxotrophic

that methionine

of Mg protoporphyrin

Mg protoporphyrin

that when cultures

IX monomethyl

about . 05 mg/1,
magnesium

the synthesis

protoporphyrin

Magnesium

of its production

One interesting

succinate,

80 (Lascelles,

8-aminolevulinic

1966a).

When ferrous

Lascelles

in a

aspect of

of magnesium

sulfate was increased
was increased

ester was dramatically

IX monomethyl

spheroides

of methio-

ester has been found in many bacter-

of bacteriochlorophyll

protoporphyrin

results

ester.

spheroides.

IX monomethyl

cells of Rhodopseudomonas
glycine,

ester.

and

could serve as the methyl donor in

this study was that iron may be involved in the transformation
protoporphyrin

Identical

strain was deprived

Jones (1963) was the first report

medium of Rhodopseudomonas

accumulated,

inhibited.

IX monomethyl

IX monomethyl

of Rhodopseudo-

to

while the
decreased.

ester was also formed when

were incubated
acid, azaguanine,

in a medium containing
methionine

and Tween

also found that for the maximum production

of 2-devinyl-2-hydroxyl-ethylchlorophyllide,

P-662 (a bacteriochlorophyll

14
precursor

which occurs later in the biosynthesis

monomethyl

ester),

incubation system.
was extracted
no difference

iron citrate

(10 pM) was a necessary

However,

when Mg protoporphyrin

from the same incubation system,
in the quantities

Lascelles
monas spheroides

formed Mg protoporphyrin

medium supplemented

Large quantities

citrate

ester

of iron made

of Rhodopseudo-

IX or its monomethyl

ester when

acid.
(1972) reported

that when Rhodopseudoin malateMg protopor-

ester accumulated.

of protoporphyrin

IX monomethyl

were excreted

thiosulfatophilum

a medium containing inorganic
of ferrous

strains

with glycine and succinate,

and bacteriochlorophyll

teria Chlorobium

IX monomethyl

mutants were incubated with low aeration

phyrin IX and its monomethyl

rivatives

component of the

the presence

(1966b) later showed that several

Recently Hatch and Lascelles
monas spheroides

IX

found.

incubated only with S-aminolevulinic

glutamate

than Mg protoporphyrin

ester,

its Mg de-

from the green sulfur bac-

-660 when this strain was incubated in

salts,

glycine,

succinate,

low concentrations

(0. 02 mM), Tween 80 and ethionine (Richards

and Rapoport,

1967).
Suspension of Rhodopseudomonas
containing glycine and succinate,
ester and its magnesium

derivative

capsulta,

synthesized
(Cooper,

protoporphyrin
1963).

of iron in this incubation system for the synthesis
monomethyl

ester and bacteriochlorophyll

incubated in a mixture
IX monomethyl

Optimum concentrations

of Mg protoporphyrin

in R. capsulta

IX

were O. 02 and O. 2

15
mM, respectively.

However,

if the concentration

mM, then more bacteriochlorophyll
methyl ester were produced.
regulate

and less Mg protoporphyrin

Therefore,

(1965) showed that porphyrins
IX and its Mg derivative

of the green sulfur bacteria
(1966) also reported
accumulated

in a culture

cotyledons

IX monomethyl

were incubated

1970b).

phyll (i.e.,

mixture

cotyledons,

complex

incubation

1970a).

after incubation

was incorporated

Rebeiz and Castelfranco

for 60 minutes,

and was converted

of protochlorophyllide

acid in Tris-HC 1

Labeled Mg protoporphyrin

upon prolonged

acid,

Godner et al.

with 8-aminolevulinic

disappeared

levulinic

ethylcium.

medium

ester was formed when etiolated

ester was formed after incubation

et al.,

in a culture

IX and its magnesium

monomethyl

(Rebeiz,

but not identical

of C. thiosulfatophilum.

buffer in the dark (Rebeiz et al.,

ester)

similar

accumulated

Chloropseudomonas

that protoporphyrin

Mg protoporphyrin
cucumber

beyond Mg protoporphyrin

ester.

Uspenskaya
to protoporphyrin

IX mono-

it would appear that iron might

the level of compound concentrations

IX monomethyl

of iron was over 0. 02

IX

however,

it

into protochloro-

and protochlorophyllide

phytol

It was also shown that labeled 8-amino
in a crude homogenate
into Mg protoporphyrin
(1971a) reported

of etiolated

cucumber

IX monomethyl

ester.

that labeled Mg protopor-

phyrin IX monomethyl

ester was formed when etioplasts

from a cucumber

cotyledon

homogenate

were incubated with Tris HC 1 buffer,

potassium

phosphate,

gluthatione,

CoA, Mg Cl , methanol and labeled 8-aminolevulinic
2

16
acid.

The optimum concentration

ture.

Higher concentrations

isopropanol

and t-butanol

of methanol was O. 48 M in the reaction

of methanol inhibited the incorporation.

could not be substituted

for methanol.

Ethanol,

Kinetic studies

showed that with optimum pH of about 7. 7 an incubation temperature
was better than at 28° C.
IX monomethyl

ester,

Enzymes for the biosynthesis

prochlorophyllide,

were mainly located in the etioplast
When crude homogenates
ber cotyledons
incorporation

from etiolated

IX monomethyl

dark than in the light (Rebeiz and Castelfranco,

into the porphyrin
magnesium

ring system,

into protoporphyrin

zymes from higher plants.
etiolated

chlorophyll

acid, the rate of

ester was higher in the

Fe

2+

, Zn

no one has yet demonstrated

2+

of magnesium

the insertion

of
en-

to the increase

approximately

equal,

were produced

in the leaves and this increase

concentrations

than could be accounted

for 24 hours,

magnesium

in chlorophyll

2+

Smith (1947) has shown that before illumination

Upon illumination

i.e.,

and Co

with either crude broken cells or purified

than concentrations
itself.

cucum-

1971b).

can incorporate

in chlorophyll

increase

and greening

barley leaves contained total ether soluble magnesium

much greater

phytyl ester

fractions.

were incubated with labeled 8-aminolevulinic

Although most cell systems

of 20° C

of Mg protoporphyrin

and protochlorophyllide

prepared

into Mg protoporphyrin

mix-

comparison

of the increase

in total ether soluble magnesium

large amounts of ether soluble magnesium

magnesium.

for in

was almost accounted

Granick and Mauzerall

was

compounds
for by the

(1961) suggested

in

17
view of these facts that an ether soluble magnesium
volved in the magnesium
In contrast
barley,

Gorchein

chelation

with the results
(1972) observed

equal to the bacteriochlorophyll
nesium-free

compound may be in-

mechanism.
derived from Smith's work with etiolated
that ether-soluble

magnesium

in cells was

on a molar basis in both a normal and mag-

medium of Rhodopseudomonas

whether there is any difference

spheroides.

It is not known

between higher plants and bacteria

in this re-

spect.
Aronoff (1963) demonstrated
stem,

was incorporated

Nicotiana tabacum.

The same results

Grignard
introduced

through a cut

of young expanding leaves of
was fed

obliquus.

methods for the insertion

of magnesium

Mg, administered

were found when magnesium

phyrin have been known for a long time.
poration

28

into chlorophyll~

to the algae Scendesmus
Chemical

that

of magnesium

Granick (1948b) reported

into protoporphyrin

reagent under anhydrous
by Baum et al. (1964).

phyrin IX by heating a pyridine

into protoporthe incor-

IX by means of a decomposed

conditions.

A more convenient method was

Magnesium

is incorporated

solution of a porphyrin

into proto-

with magnesium

perchlorate.
Magnesium

protoporphyrin

of Rhodopseudomonas
with lipid-protoporphyrin
protoporphyrin

spheroides

was demonstrated

in whole cells

for the first time when cells were incubated

IX sol.

IX monomethyl

chelatase

However~ the product formed was Mg

ester instead of Mg protoporphyrin

IX

18

(Gorchein,

1972).

Metalloporphyrin

formation

were incubated either anaerobically
dark.

The reaction

pressure

greater

could be shown when the cells

in the light or under

o2 + N2

was inhibited in air or in an atmosphere

than 15%. The optimum concentration

such as EDTA, were essential

phosphate and DL-ethionine

buffer.

for the reaction.

were inhibitors

o 2 at

of

a partial

of protoporphyrin

was about 80 pM and the optimum pH was 8. 6 with Tris-HCl
ing reagents,

(5:95) in the

of the reaction.

IX

Chelat-

Sodium pyroThe reaction

was not enhanced by the addition of magnesium.
Gibson et al. (1963) demonstrated
an enzyme responsible

for the first time the presence

for the methylation

free system of Rhodopseudomonas

of Mg protoporphyrin

spheroides

When chromatophores

of these photosynthetic

S-adenosylmethionine

-

porphyrin

IX monomethyl

?4cH 3) and Mg protoporphyrin
ester was formed.

bilize this enzyme were unsuccessful.
porphyrins
porphyrin

IX in a cell-

and Rhodospirillum
bacteria

rubrum.

were incubated with
IX, labeled Mg proto-

Unfortunately,

attempts

Specificity

of methyltransferase

was tested by using Rhodopseudomonas.

Metal complexes

IX such as manganous,

were not substrates,
of zinc and calcium

manganic,

ferrous

but were strong inhibitors.
(whose atomic structure

nesium) did serve as substrates.

Porphyrins

of

and ferric

to solufor
of proto-

protoporphyrin

On the other hand, complexes

are very similar

to that of mag-

that had a modification

of the

vinyl group and were complexed with metals served to a limited extent as
substrates.

Metal-free

porphyrins

in general were not substrates,

but proto-

19
porphyrin

IX did exhibit about one-tenth

porphyrin

IX.

of the activity

Kinetic studies of this methyltransferase
indicated

found with Mg proto-

in R. spheroides

extracts

that the optimum pH for its activity was at pH 8. 4 in Tris-HCl

buffer.

This enzyme was also active in potassium

in carbonate-bicarbonate

buffer.

stant (Km) for Mg protoporphyrin
and 50 pM, respectively.

buffer,

At pH 7. 5 and 37° C, the Michaelis
IX and S-adenosylmethionine

Both S-adenosylethionine

teine were found to be competitive
S-adenosylmethionine.

phosphate

inhibitors

The dissociation

but not
con-

were 40

JlM

and S-adenosylhomocys-

of the enzyme with respect

constants

of the inhibitors,

to

Ki,

were 110 JIM and 170 pM, in that order.
The methyltrarrsferase

reaction

with R. spheroides

was strongly

inhibited by p-chloromercuribenzoate

and silver nitrate,

sence of thiol groups in the enzyme.

(Ethylene-dinitrilo)-tetraacetic

did not affect enzyme activity,

but 1, 10-phenanthroline,

and sodium diethyldithiocarbamate
were also inhibitors
Radmer
ferase

IX monomethyl
seedlings
buffer,

substrates,

acid

Znso

4

and MnC12

to the reaction.

of higher plants.

for the first time methyltrans-

Labeled magnesium

ester was formed upon incubation

with labeled S-adenosylmethionine
pH 8. 0.

the pre-

8-hydorxyquinoline,

inhibited the reaction.

and Bogorad (1967) detected

in chloroplasts

suggesting

Zn protoporphyrin

but gave less activity.

protoporphyrin

of a crude extract

and Mg protoporphyrin

and free protoporphyrin

from corn
IX in Tris

also served as

20
Ebbon and Tait (1969) in their studies on methyltransferase
Euglena gracilis
late fractions,

indicated that the enzyme was mainly located in the particui.e.,

crude chloroplasts

and nuclei,

and fragmented

with mitochondria.

The enzyme could not be released

freezing,

with ultrasonification,

treatment

in homogenates
lar,

of autotrophically

and heterotrophically

Euglena displayed

by

The activity

grown cells was simi-

contained more chlorophyll

protein than those grown heterotrophically.

plastids

from chloroplasts

or by osmotic lysis.

although cells grown autotrophically

Homogenates

per mg

of dark grown

about one-half the enzyme activity found in pigmented cells.

In adaptation
the resting

in

studies,

medium,

when dark-grown

the methyltransferase

light grown organisms

were transferred

Euglena were illuminated

activity doubled.
either to resting

medium in the dark, the enzyme activity decreased

However,

in
when

medium or growth

markedly

(Ebbon and Tait,

1969).
Purification

of the methyltransferase

using particulate-free

supernatant

Ammonium sulfate fractionation
slight purification.
protamine
trast,

from the aforementioned
and protamine

fractionation.

sulfate precipitation

gave only

Enzyme activity was lost when the enzyme extract

sulfate supernatant

when detergent

was passed through Sephadex G-200.

Tween 80, which could liberate

branes was added to chloroplasts
When chloroplast

from Euglena was accomplished

containing

tivity in the supernatant

fraction,

from

In con-

enzymes from mem-

the enzyme activity doubled.

Tween 80 were frozen and thawed, enzyme ac-

after centrifugation

increased

12 fold.

The enzyme
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was finally purified
and Tait,

68 fold by chromatography

on Sephadex G-200 (Ebbon

1969).

The Euglena enzyme was active in Tris-HCl
exhibited activity

in a broad pH range with optimum pH at 8. 0.

for Mg protoporphyrin
160 pM, respectively

IX and S-adenosylmethionine
(Ebbon and Tait,

mined by using chloroplasts
sence and absence

(1972).

were 10--34 )-lM and 20--

Those Km values were detersoluble enzyme in the pre-

methyltransferase

was recently

Kinetic studies indicated

IX and S-adenosylmethionine

reported

chelatase

however,

and Protein

Magnesium

phyrin IX) has been proposed

by Ellsworth

reaction

Synthesis

at pH

of

(for the formation

Lascelles

ported that heme synthesis

of glycine,

synthetic

measured

Branch

pathway of heme and bacteriochlorophyll.

in Rhodopseudomonas

and Dullaghan

was 37° C.

as one of steps in controlling

from a mixture

of

protoporphyrin

of 36 and 48 pM, respectively,

The optimum temperature,

The magnesium

in crude homogenates

Km values for magnesium

The Regulation

was increased

Km values

of Tween in the assay mixture.

wheat seedlings

7. 7 and 25° C.

1969).

and Tween-extracted

Somewhat to my dismay,
etiolated

or phosphate buffer and

of Mg protoporthe biosynthetic

and Hatch (1969) resuccinate

when the magnesium

and

59

Fe

branch of the bio-

pathway was blocked by mutation or by the addition of protein
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inhibitors.

Chlorophyll

than that of heme.
diversion

concentrations

Magnesium

of protoporphyrin

intermediates

were usually

chelatase

may determine

synthesis.

that magnesium

and that it is a limiting factor

It is believed that the magnesium
affinity for protoporphyrin

the insertion

Recently

magnesium

tive feedback inhibitor
However,

of hemin (ferric

biosynthesis,

for 8 -aminolevulinic

protoporphyrin

might possibly

sence of 8-aminolevulinic

heme would presum-

heme synthesis.

IX was shown to be a potent negaacid synthetase

range of both

mutant which lacks 8-aminolevulinic

When cells incubated
synthesis

It was suggested

from Rhodopseudo-

10 times weaker than that

make heme and bacteriochlorophyll

bacteriochlorophyll

acid synthetase.

1972).

spheroides

into protoporphyrin

of the first en-

IX) over a broad concentration

acid.

bio-

(which catalyzes

8-aminolevulinic

this inhibition was approximately

Rhodopseudomonas

magnesium

protoporphyrin

(Yubisui and Toneyama,

were aerated,

i.e.,

might

enzyme might have a

and cause feedback inhibition and repression

zyme in the tetrapyrrole

synthetase

inserting

IX); otherwise

chelatase

in the chlorophyll

IX than ferrochelatase

of iron into protoporphyrin

ably increase

inhibitors

when the common

are limited.

have a short half-life,

monas.

the preferential

IX toward bacteriochlorophyll

Granick and Sassa (1971) suggested

greater

10 to 100 times more

only in the pre-

anaerobically

was terminated

in the light

without blocking

that oxygen might inhibit the insertion

IX (Lascelles

and Altshuler,

acid

1969).

of
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It has been known that protein
phyll synthesis.

Gorchein

quired for the formation

(1972) reported

of magnesium

from exogenous protoporphyrin

By using chloramphenicol
protein

that protein

protoporphyrin

for bacteriochloro-

synthesis

is not re-

IX monomethyl

protoporphyrin

ester

IX) in the

spheroides.
and cycloheximide

synthesis,

vealed that methyltransferase

is required

IX (not magnesium

whole cells of Rhodopseudomonas

and cytoplasmic

synthesis

respectively,

which inhibit chloroplasts

Ebbon and Tait (1969) re-

was made on cytoplasmic

ribosomes

in Euglena

gracilis.
To the best knowledge of the author,
sive and detailed

investigation

concerned

tion of the enzyme methyltransferase.
the author's

studies largely

no one has yet conducted an exten-

with purification

and characteriza-

This paper represents

devoted to that task.

the results

of
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MATERIALS AND METHODS

Incorporation

of

14

c-

Protoporphyrin

IX

into Chlorophyll

Plants
Tobacco (Nicotiana tabacum
in moist vermiculite
ent solution.

and then transferred

After about two weeks,

One group was treated
the other was treated
iron.
tensity

to full-strength

with Hoagland's
with Hoagland's

nutrient
nutrient

fornia),

solution containing

(28± 2° C) and light in-

The young, immature

leaves

.

C - Protoporphyrm

.

was prepared

acid (International

.
14
from chicken blood with
C -

Chemical

following the method of Dresel

and Nuclear

G, 15 mg streptomycin

through four layers

Corp.,

Irvine,

Cali-

and Falk (1954, 1956).

About 500 ml of chicken blood was collected
penicillin

2. 5 ppm

after 4 - 8 weeks.

C - Protoporphyrm

8-aminolevulinic

Hoagland' s nutri-

solution containing no iron,

temperature

(240 lux) with a day length of 14 hours.

14

Havana 38) was germinated

the plants were divided into two groups.

Plants were grown at controlled

were harvested

14

L., variety

and 20 mg heparin.

of cheese cloth and filtrate

in a flask containing

15 mg

The blood was filtered

was centrifuged.

Cells were
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washed twice with 0. 9% NaCl and recentrifuged.
(hemolyzed erythrocyte)

0. 04 M carrier
tion mixtures

ture.

were made up in water containing

was incubated with 50 pc of 8-aminolevulinic

hemolysate

the dark.

The combined filtrates

8-aminolevulinic

0. 60 M KCl.
acid -4 -

acid in a total volume of 100 ml.

were incubated at 37° C for 5 hours,

in methanol.

was introduced

hemin solution.

to the hemin solution,

with chloroform.

and

The reac-

the reaction

mix-

in a 10 per cent solution of oxalic acid

The solution was then filtered

was added to the filtrate,

c,

with continuous shaking in

Three volumes of acetone was used to precipitate

Acetone powder was dissolved

14

The

and about 5 gm ferrous
A strong current

sulfate

of gaseous HCl

after which the solution was extracted

Water was used to separate

the two layers.

form solution was washed with water three times,

The chloro-

once with 10 per cent am-

monia and again with water three times.
The final solution was dried and the residue
The ether solution was extracted
per cent HCl.

The porphyrins

cent were referred
Protoporphyrin

using a Tri-carb
chromatography

in diethyl ether.

with 0. 36 per cent HCl first and then with 10
extracted

to as coproporphyrin

by 0. 36 per cent HCl and by 10 per
III and protoporphyrin

IX was checked under ultraviolet

spectrophotometry.

dissolved

IX respectively.

light and determined

by

Radioactivity

of protoporphyrin

IX solution was determined

Liquid Scintillation

Spectrometer

and identified using thin-layer

(Hsu and Miller,

1970).

Solutions of 10 per cent HCl containing
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protoporphyrin

IX were dried and the residue

of 0. 01 M KOH for the incorporation
The scintillation
termination

of

14

c

solution

dissolved

in a minimum

volume

studies.

(Bruno and Christian,

1961) used for the de-

in the aqueous solution was

PPO (2, 5-diphenyloxazole)

1. 00%

POPOP (1, 4-bis-a-(4-methyl-5-phenyloxazolyl)benzene

0. 05%

Napthalene

5.00%

1, 4-Dioxane

5 parts

Cellosolve

(ethylene glycol monoethyl

1 part

ester)

Enzyme preparation
One weight of tobacco leaves was homogenized
M potassium

phosphate

buffer,

30 seconds.

The homogenates

pH 7. 0 in an Omni Mixer for four intervals
were filtered

was used for assay.

The reaction

concentrations

of ferrous

sulfate,

c-

ml.

protoporphyrin

The reaction

light intensity.

ammonium

and the filtrate
mixture

mixture

included different

5
4 x 10 counts per minute of

of leaf homogenate

was incubated

of

through glass wool with suction

and the filtrate

14

with four volumes of 0. 1

1

in a total volume of 10

at 30~ 2° C for 3 hours under 186 lux
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Assay of chlorophyll

biosynthesis

After incubation pigments
extracted

into 85% methanol.

in the reaction

The methanol

extract

due washed with 98-100% methanol and refiltered
Pigments

were further

transferred

cropipette
thickness).

chromatographic

Isooctane-acetone-ether

vent (Anwar,

1963).

pigments

et al.,

1960).

extracts

and a

The ether-extracted
to a

were applied with a mi-

plates of Silica Gel G (0. 25 mm

(3: 1: 1, v /v) was used as a developing

The spots of chlorophyll

discs and a vacuum line.

(Anderson

and the resi-

water and the concentrated

Aliquots of the concentrated

onto thin-layer

was filtered

the two layers.

were washed twice with distilled

small volume.

were quantitatively

to diethyl from methanol

5% NcCl solution was used to separate
pigments

mixture

Radioactivity

were removed using filter

of chlorophyll

sol-

paper

and ether-extracted

pig-

\

ments were determined
The scintillation
the scrapings

using a Tri-Carb

Liquid Scintillation

solution (Bruno and Christian,

Spectrometer.

1961) used for counting

of silica gel or filter paper contained:

PPO
POPOP
Napthalene

10. 50 g

o. 45

g

150. 00 g

1~4-Dioxane

1500 ml

Water to make final volume

1800 ml
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8-Adenosylmethionine

- Mg Protoporphyrin

IX Methyltransferase

Plant material

Barley (Hordeum vulgare L.) was used for enzyme purification
characterization

in the present

experiments.

Cucumber

and

(cucumis sativus),

pea (Pisum sativum L.) and soybean (Glycine max, merr.)

plants were also

tested as a source for the enzyme.

Barley seeds were germinated

in vermiculite

with deionized water in the dark at 22~ 3° C

which was moistened

for 8 to 10 days.

The etiolated

seedlings

were then illuminated

lux of fluorescent

light for 6 hours before using.

and grown

with about 20

Porphyrins

Magnesium protoporphyrin

dimethyl ester was prepared

the method of Baum et al. (1964).
of protoporphyrin

mixed with small quantities
recording

(Sigma Chemical

perchlorate.

to reflux for at least four hours.

spectrophotometer.

to

Forty ml of pyridine was added to 590 mg

IX dimethyl ester

and 230 mg of magnesium

according

Co.,

St. Louis, Mo.)

The mixture was moderately

Aliquots from the reaction

of ether and measured

heated

mixture were

in a B & L spectronic

505

The reaction was complete when the absorp-

tion peak at 630 nm was not evident.

Equal volumes of water (500 ml) and

ether (500 ml) were added to the reaction

mixture.

The ether extracts

were
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washed three times with 200 ml of water and then evaporated
evaporator.
extracted

Alternatively,

the reaction

three times with chloroform.

several

ted with ether several

on an

solution was poured into water and
The chloroform

times with water and evaporated

to dryness

to dryness.

layer was washed

The residue was extrac-

times and an equal amount of petroleum

ether (b. p.

60-110° C) was then added to the ether extract.

The solution was stored

overnight

was then washed with petro-

and then centrifuged.

leum ether,

centrifuged

Protoporphyrin
easily distinguished
protoporphyrin

magnesium
(Falk,

and the precipitate
IX dimethyl

until used.

protoporphyrin

there are only two bands,

complex are

spectrum

in ether of

IV 503, III 536, II

IX dimethyl ester to its

namely,

551 nm and 589 nm

1964).
Magnesium

protoporphyrin

verted to magnesium
This dimethyl

protoporphyrin

ester was dissolved

coholic KOH and incubated

the precipitate

IX dimethyl

ester

and con-

method (1948).

in about 40 ml of 30 per cent methyl alWater was then added to

it was kept at 5° C overnight

was suspended

pH 7. O, and kept in a freezer.

was hydrolyzed

by means of Granick's

for 15 minutes at 40° C.

the solution after incubation;
Finally,

The etio-type

ester has foud bands, namely,

After converting

complex,

kept in a freezer

ester and its magnesium

by their spectra.

IX dimethyl

576 and I 633 nm.

The precipitate

in 0. 5 M potassium

and then centrifuged.
phosphate

buffer,
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The concentrations

of dipotassium

salts of protoporphyrin

protoporphyrin

IX dissolved

tion coefficient

(EmM = 262) at 408 nm Soret peak (Falk,

Enzyme isolation

in 2. 7 N HCl were calculated

fication procedure

were conducted

sand (ratio sand:

of extraction

medium containing

5 minutes
rotor.

sample

(weight),

0. 5 M sucrose,

cloth by suction,

in a Sorvall Superspeed

The precipitate

containing

natant was then centrifuged
chloroplasts

4.

and 4 mM mercaptoethanol

of cheese

of the puri-

Barley leaves were cut into small pieces

with purified

four layers

1964).

in the cold (0-4°); the details

are shown in Figure

Enzyme preparation.

chloride,

by using the extinc-

and purification

All operations

nesium

IX or Mg

1: 10) in a mortar

with 2 weights

0. 2 M Tris-HCl,

0. 001 M mag-

at pH 7. 5.

the extract

centrifuge

1955).

through

at 100 x g for
using an SS-34

and sand was discarded.

at 2000 x g for ten minutes

with nuclei (Gorham,

After filtration

was centiruged

RC-2 refrigerated
cell debris

and ground

The resulting

The super-

to spin down the whole
supernatant

was centri-

1

fuged again at 17, 000 x g for 15 minutes
chondrial
periments

with broken chloroplasts
the homogenates

the pellet was considered
chondria.

Mixtures

fractions

were centrifuged

(Axelrod,

unpurified

were suspended

1955).

as the mito-

In most of the ex-

at 17,000 x g for 15 minutes

to contain a combined

containing

with broken chloroplasts

and the pellet was collected

fraction

of chloroplast

whole chloroplasts

and/or

and

and mitomitochondria

in 15-30 ml of O. 02 M Tris-HCl

buffer
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Greening dark-grown

seedlings

+

Two volumes of the extraction medium
(0. 5 M sucrose, 0. 2 M Tris-HCI buffer,
0. 001 M magnesium chloride and 4 mM
mercaptoethanol
at pH 7. 5)
Grind with a mtrtar

t

and pestle

Strain through cheese cloth
Centrifuge

t

at 100 x g, 5 minutes

Precipitate
(discard)

Supernatant
Centrifuge

at 2000 x g, 10 minutes

Precipitate
(Whole chloroplasts
and nuclei)

Supernatant

Precipitate
(Mitochondria and disintegrated chloroplasts)
Reconstitute in 0. 02 M Tris-HCl
containing 4 mM mercaptoethanol
Homogenize

t

in Ten Broek,

Add Tween 80 (0. 5%, v/v),
2% protamine

i

30 seconds x 5
30 minutes

sulfate precipitation

t
Figure 4.

+

Centrifuge at
17, 000 x g, 15 minutes

Isolation and enzyme purification of S-adenosylmethioninemagnesium protoporphyrin
IX methyltransferase

Supernatant
(discard)
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Figure 4 (continued)

Centrifuge

t

at 12,000 x g, 10 minutes

Supernatant

i

50 per cent ammonium
Centrifuge
Supernatant

Precipitate
(discard)
sulfate saturation

t

at 12,000 x g, 10 minutes

Precipitate
Suspend in small volume
0, 02 M Tris-HCI buffer
containing 4 mM mercaptoethanol at pH 7. 5
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(pH 7. 5) containing 4 mM mercaptoethanol.
using a Ten Broek homogenizer
A final concentration
extract

The enzyme extract was ground

for 5 intervals,

each of 30 seconds duration.

of O. 5 per cent (v/v) Tween 80 was added to the enzyme

followed by incubation for one-half hour.

shown to release

enzymes bound with the lipid components

Protamine

sulfate treatment.

(either the chloroplast
one-fifteenth

This treatment

has been

of membranes.

To each volume of enzyme extract

fraction or mitochondria

volume of 2 per cent protamine

with chloroplast

fractions)

sulfate was added slowly, and

the mixture was stirred

for an additional

10 minutes.

The pellet was re-

moved by centrifugation

at 12, 000 x g for 10 minutes and the supernatant

was used for the enzyme assay.
Ammonium
protamine

sulfate fractionation.

sulfate precipitation

spect to ammonium
After incubation

The supernatant

was brought to 50 per cent saturation

sulfate by adding the salt slowly with continuous

for 15 minutes the solution was centrifuged

10 minutes and the supernatant

was discarded.

in a small volume of 0. 02 M Tris-HCl

was stirred

then removed by centrifugation

stirring.

at 12,000 x g for

Calcium phosphate

gel was pre-

The gel had been aged for

To one volume of clear enzyme extract,

fifth volume of calcium phosphate gel (40 mg/ml) was added.
the gel the mixture

with re-

The pellet was then suspended

to the method of Colowick (1955).

more than one year before using.

from

buffer containing 4 mM mercaptoethanol.

Calcium phosphate gel adsorption.
pared according

resulting

and equilibrated

After addition of

for 10 minutes.

at 1000 x g for 10 minutes.

one-

The gel was

Subsequent

studies
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showed that the supernatant

contained most of the enzyme activity.

Disc gel electrophoresis.
run according

Polyacrylamide

gel electrophoresis

to the method of Malchy and Dixon (1970).

Small glass tubes

(0. 5 cm inner diameter

x 10 cm length) were used for gel moldings.

were held in a perfectly

vertical

tioning base.
amide,

plane by using rubber

A 5% total polyacrylamide

phoresis

buffer was carefully

Precautions

air bubbles.

of O. 112 M Tris-HCI,

disodium ethylenedinitrilotetraacetate,

30 minutes.

The completion

pH 8. 6. A water coating was then

of polymerization

tiators),

composed of potassium

trations

selected

The tube was kept directly

Optimum polymerization

persulfate

After polymerization

for about

can be observed when the intercatalysts

(ini-

and TEMED were used at concen-

for the pH and buffer of the reaction
time.

buffer

O. 062 M boric acid and 2. 5 mM

light and the solution was allowed to polymerize

face forms between the gel and water.

polymerization

in 25 ml of electro-

The electrophoresis

layered over the gel solution in the glass tube.
under a fluorescent

ethylene-

poured into the tubes using a pipette and bulb.

were taken to eliminate

used was a mixture

1. 3 g acryl-

10 pl of tetramethyl

diamine (TEMED) and 15 mg of ammonium persulfate

Tubes

stoppers as a posi-

gel solution containing

6 mg N, N'-methylenebisacrylamide,

was

mixtures

to control the

of the gel, the tube was inverted

and the water was drained off.
The glass tubes were placed in the electrophoresis
of enzyme extract

were applied to the gel surface

tion using a micropipettej

apparatus

and 30 pl

in a 10 to 50% sucrose

followed by layering with electrophoresis

solu-

buffer.
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The reservoir

was filled with electrophoresis

buffer and current

was applied

at 200 volts for 1 hour using a Gelman power supply.
On completion
moved.

of the electrophoresis

run, the gel in the tube was re-

This was done by using a stiff stainless

steel wire to rim the gel under

running water.
The gel was immersed

in a staining solution containing O. 1% (w/v)

Ami do Black in 10% (v/v) acetic acid for 45 minutes.

Staining was carried

out by tying a piece of thread on the gel and fixing the other end of the thread
to the wall of a beaker containing
stirred.

Destaining

staining solution which was continuously

was done for 15 hours in 10% (v/v) acetic solution using

the same procedure

as that described

for staining.

The gel was then stored

in 7% (v/v) acetic acid solution in a test tube.

Assay for methyltransferase

The reaction

mixtures

nesium protoporphyrin
activity 54 m curie/m
vine, Calif.),

containing enzyme extract,

O. 3 umole of mag-

IX, O. 4 }1c of S-adenosyl-L-methioninemole) (International

O. 1 pmole of carrier

Chemical

14

cH 3 (specific

and Nuclear Corp.,

S-adenosyl-L-methionine,

Ir-

4 pmole of mer-

a.0, 0
captoethanol

and ..Q...-()2
pmole of Tris-HCl

buffer in a total volume of 1 ml, were

incubated for one hour in the dark at 37° C in a water bath with mechanical
shaking.
essentially

The porphyrins

extraction

technique used in these studies followed

the method of Gibson et al. (1963).

After incubation the porphyrins
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were extracted

with 5 ml of ethyl acetate-acetic

ture was centrifuged
carefully

at about 12,000 x g for 5 minutes.

decanted and the precipitate

ethyl acetate-acetic

was

was washed with an additional 5 ml of

The suspension

the combined supernatants

The mix-

The supernatant

acid using a glass rod and a mechanical

to suspend the pellet.

acetate.

acid (3:1, v/v).

was centrifuged

were neutralized

test tube shaker

as described

with 6 ml of saturated

After shaking the aqueous phase was discarded

above and
sodium

and the ethyl acetate

solution was washed twice with 10 ml of water.

Porphyrins

from this solution with 5 ml of 3 N hydrochloric

acid, followed by the addition

of 3 ml of the same acid.
with 6 ml of ethyl acetate.
extract

The completion

acid extracts

were washed

Four ml of ethyl acetate wa then layered over the

and solid sodium bicarbonate

chloric acid extracts

escence

The combined hydrochloric

were extracted

was added slowly to neutralize

and to displace porphyrins

of the displacement

into the ethyl acetate layer.

could be observed

in the aqueous layer under ultraviolet

the hydro-

light.

by the absence of fluorThe ethyl acetate

layer

was washed twice with 8 ml of water and the aqueous layer was discarded.
The ethyl acetate

layer containing Mg-free

ester was saved for radioactive
An alternative
method of Granick
monomethyl

(1961) for the isolation of magnesium

Gibson in the Mg protoporphyrin

IX monomethyl

counting.

enzyme assay used in identification

ester from Chlorella

ether layer rather

protoporphyrin

mutant.

protoporphyrin

IX

This method differs from that of

IX monomethyl

than a magnesium-free

studies followed the

ester is the product

complex.

in the
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Aliquots of an ethyl acetate extract
methyl ester or an ether extract

containing protoporphyrin

containing Mg protoporphyrin

IX mono-

IX monomethyl

ester were pipetted into vials and made up to 20 ml final volume with scintillation

solution.

The scintillation

solution used for the determination

in the aqueous solution was that described
protoporphyrin

IX into chlorophyll~-

Liquid Scintillation

Spectrometer

previously

in the incorporation

of

Model 3375 for 10 minutes.

Automated

count rate.

Exter-

A series

were counted first and then a graph of AES ratio to counting

efficiency was constructed.
poration

C

The sample was counted in a Tricarb

nal Standard (AES) was employed to obtain the corrected
of AES samples

14

of

Disintegrations

into Mg protoporphyrin

IX monomethyl

complex were obtained from apparent
counting efficiency.

per minute of the isotopes

incor-

ester or its magnesium-free

counts (counts per minute) divided by

Efficiency of counting was 85% or more.

Enzyme unit
One unit of methyltransferase

is defined as the amount of enzyme that
I,

catalyzed

the formation

of 1 mµ mole of Mg protoporphyrin

hour from Mg protoporphyrin
p. m. ).
protein.

IX and adenosylmethionine-

monomethyl
14

c

(measured

ester/
in d.

The specific activity is the number of units of enzyme activity per mg
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Identification

of porphyrins

Magnesium

protoporphyrin

obtained using Granick's

extraction

Silica Gel H (0. 05 mm thickness
Chromatograms

IX monomethyl

ester.

The ether extract

method was applied on thin-layer

and activated

at 105° C for 45 minutes).

were developed in the dark at 4° C in benzene:ethyl

ethanol (8:2:2, v/v) (Rebeiz et al.,
same plate and porphyrins
Porphyrin

1970b).

ter paper discs attached
in 20 ml of scintillation

Known markers

spots were identified

spots were removed

acetate:

were run on the

under ultraviolet

light.

to the end of rubber tubes under suction,

IX monomethyl

The

from the Silica Gel H plates using fil-

solution as described

Protoporphyrin

plates of

and dissolved

previously.

ester.

The ethyl acetate

extract

ob-

tained using the method of Gibson et al. (1963) was analyzed by descending
chromatography.
hydroxide

Whatman No. 1 paper and 2. 6-lutidine-0.

(10:7, v /v) were used as absorbent

tively (Granick,

1961).

pressure

in liquid scintillation

and developing

esters

liquid as described
were hydrolyzed

solution with 8 N HCl at 37° C for 4 hours,
under reduced

05 N ammonium
solvent,

respec-

The developed paper was cut into small pieces and dis-

solved in 20 ml of scintillation
Protoporphyrin

paper

previously.

by treating

the ethyl acetate

followed by evaporation

(Radmer and Bogorad,

1967).

solution was counted as described

The residue
previously.

to dryness
dissolved
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Protein

determination

Protein

content was measured

by the method of Lowry et al. (1951).

Aliquots of the enzyme extract were diluted to 1 ml and 1 ml of 10 per cent
trichloroacetic

acid was added to the mixture.

After setting for one hour, the protein was removed by centrifugation
and suspended in 1 ml of water using a test tube shaker.
ml of protein

To this solution,

reagent containing 4 per cent sodium carbonate,

cupric sulfate and 0. 06 per cent sodium tartrate
37° for 30 minutes.

Five-tenths

phenol reagent purchased

0, 03 per cent

was added and incubated at

ml of phenol reagent (one part of the 2 N

from Fischer

Scientific Company was diluted with 2

parts of water before using) was added and shaken well.
incubated at 37° C for another 20 minutes.
mined by measuring

5

the absorbency

The mixture was then

The amount of protein was deter-

at 650 nm with Casein as a standard.
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RESULTS

Incorporation

of

14

c-Protoporphyrin

into Chlorophyll

IX

a

2+

Effect of Fe
on the incorporation of
14c-Protoporphyrin
IX or 14C-Protoporphyrin IX monomethyl ester into
plant pigments of healthy leaves

Incorporation
gated to determine
Incorporation

of

14

c-protoporphyrin

whether ferrous

into chlorophyll~

when 1 mM of Fe

2+

IX into chlorophyll~

iron is involved in intermediate

was increased

mixture

trols incubated at zero time showed trace incorporation
14

chlorophyll

~

of normal tissue

2
Fe + were unsuccessful.

14
14

to dryness

C-protoporphyrin

IX in the reaction

a precursor

that

14

ester

C-protoporphyrin

of chlorophyll»

ester into

concentrations

from a standard

and then suspended in 0. 1 M Tris-HCl,

IX monomethyl

revealed

IX monomethyl

of

assay mix-

using the method of Gibson et al. (1963) was

c-protoporphyrin

results

(see Table 1). Coninto chlorophyll~-

of various

An ethyl acetate extra?t

ture of barley methyltransferase
evaporated

c-protoporphyrin

in the presence

reactions.

2. 7 times over the control

was incubated in the reaction

Attempts to incorporate

were investi-

pH 7. 5.

This

5
(2 x 10 c. p. m.) was substituted

mixture for incorporation
monomethyl

ester,

studies.

for
The

although probably

was not taken into the cells of tobacco tissue under

the conditions of this experiment.
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Table 1.

14
Incorporation
of
c-protoporphyrin
into chlorophyll
discs of healthy plants and the addition of Fe 2 +
Chlorophyll
(c.p.m.)

Fe

2+

added (nM)

(1)

a in leaf
-

~

(2)

Average

(%

Activity
of control)

Control

2,383

2,298

2,340

100

1.0

6,014

6,544

6,279

270
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2
Effects of various concentrations
of Fe +
on incorporation
of protoporphyrin
IX
into chlorophyll a using healthy tobacco
tissue
The effect of various
incorporation

14

of

ined by measuring

ferrous

ammonium

sulfate concentrations

C-protoporphyrin

IX into pigments

the incorporation

at a fixed concentration

4
phyrin (4.8 x 10 c.p.m.)

in the presence

on the

was continuously
of

14

exam-

C-protopor-

2
of 0.1 to 2.0 mM Fe + as shown in

Table 2.
2
All Fe + levels induced some increase
porphyrin

IX into chlorophyll~-

where incorporation

2+

Maximum activation

.

concentrat10n

pigments;

of

14

c-proto-

was found at 1 mM Fe

was enhanced about 40%. An increase

also found in ether extracted
fold at an Fe

in incorporation

incorporation

in

14

2+

c labeling was

was increased

over three-

of 1 mM.

2
Effect of Fe + on the incorporation of protoporphyrin IX into chlorophyll a using chlorotic tobacco tissue
Incorporation
ferrous

ammonium

protoporphyrin

available.

in the presence

of various

This tissue was selected

to normal tissue,

especially

in relation

IX into chlorophyll~

of

14

of
c-

tissue which was induced

since chlorophyll

2
Fe + at 0. 63, 1. 25 and 2. 50 mM increased

protoporphyrin

concentrations

sulfate from 0. 63 to 2. 50 mM and a concentration

5
IX (1 x 10 c. p. m.) in mildly chlorotic

by iron deficiency.
differ compared

was measured

synthesis

to endogenous
incorporation

by 140, 360 and 240% respectively

may
Fe

of

2+

14

c-

(Table 3).

43

Table 2.

Fe

2+

Incorporation
of
leaves at various

added
(mM)

14

c-protoporphyrin
I~}nto
concentrations
of Fe

Ether extracted
(c.p.m.)
(1)
(2)

pigments
average

(1)

pigments

of normal

Chlorophyll~
(c.p.m.)
(2)

average

Control

2,150

1,790

1,970

141

210

175

0.1

2,275

2,950

2,612

161

242

201

0.5

2,750

5,225

3,987

170

292

231

1.0

4,050

8,200

6,125

171

337

254

2.0

2,590

6,850

4,720

173

327

250

4
14
The reaction mixtures containing 3. 8 x 10 c. p. m. of
C-protoporphyrin IX were incubated using standard assay procedures.
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Table 3.

Fe

2+

14
Incorporation of
C-protoporphyrin
IX into chlorophyll
mildly chlorotic leaves at various Fe 2+ levels

added
(mM)

Chlorophyll
(c.p.m.)

~

a of
-

Activity
(% of control)

Control

390

100

0.63

935

240

1. 25

1,800

460

2.50

1,350

340

T h e reaction mixtures containing 1 x 105 c. p. m. 14C -protoporp h yrm.
IX were incubated using standard assay procedures.
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Studies on the incorporation
phyll~

using tissue

incorporation
~

of

14

of mildly chlorotic
c-protoporphyrin

was doubled compared

At O. 1 mM Fe
A marked
creased

2+

of

C-protoporphyrin

tobacco leaves were continued.

the incorporation

of

in incorporation

14

The

4
IX (3. 8 x 10 c. p. m.) into chlorophyll

of

2
at O. 5 mM Fe + was noted.

ments but to a lesser

IX into chloro-

to the control when 2. 5 to 5 mM Fe

no increase

increase

14

c-protoporphyrin

14

2+

were added.

C into chlorophyll

In all cases,

was found.

added iron in-

IX into ether extracted

extent than that shown previously

pig-

(Table 4).

2
Effect of Co + on incorporation
of
14c-Protoporphyrin
IX into chlorophyll a using healthy tobacco tissue

Preliminary
ation of
crease

14

results

c-protoporphyrin

of 3. 5 fold in

14

indicated

2
that Co + also increased

IX into chlorophyll~-

c labeling in chlorophyll

the incorpor-

2
At 1. 0 mM Co + an inwas found (Table 5).
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Table 4.

14
Incorporation
of
C-protoporphyrin
IX into pigwents
chlorotic leaves at various concentrations
of Fe +

Compound added
(mM)

Ether extracted pigments
(c.p.m.)

of mildly

Chlorophyll
(c.p. m.)

7,200

270

0.1

8,050

275

0.5

9,150

373

2.5

11,200

530

5.0

8,600

515

Control

The reaction mixtures
protoporphyrin
were incubated

14
4
containing 3. 8 x 10 c. p. m. of
cusing standard assay procedures.

~
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Table 5.

14
Incorporation of
c-protoporphyrin
IX into chlorophyll
healthy leaves at various Co 2 + levels

Co

2+

added

(mM)

Chlorophyll
(c.p.m.)

Control

885

0.5

1000

1.0

3050

a of
-

~

5 14
The reaction mixtures containing 1 x 10
C-protopor2
phyrin IX and Co + were incubated using standard assay procedures.
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Me thy ltransf erase
Identification of methyltransferase reaction products

Magnesium
protoporphyrin

protoporphyrin

IX monomethyl

ture using Granick's
chromatographic

extraction

IX monomethyl

method (1961); the Rf value on thin-layer

plates was 0. 47, similar

to that of marker

ester as shown in Figure 5a.

protoporphyrin

IX monomethyl

14

Magnesium proto-

ester was isolated from the standard assay mix-

IX monomethyl

C

ester.

Mg protoporphyrin

All of the radioactivity

of Mg

ester was derived from S-adenosylmethionine

-

and was located in a single spot.
Protoporphyrin

acetate

extract

monomethyl

ester.

Paper chromatography

from the standard assay mixture using the method of Gibson

et al. (1963) showed that all of the radioactivity
(Rf about 083) as shown in Figure 5b.

ment with 8 N HCl.

These results

was incorporated

IX forming Mg protoporphyrin

appeared

Chromatography

pound contained one free carboxyl group.

sylmethionine

ferase was extracted

was lost after treat-

into a carboxyl group of the Mg protoporphyrin
IX monomethyl

from the seedlings

cucumber,

suggested that the com-

suggested that the labeled compound S-adeno-

ester.
activity.

of four different

to find the best enzyme source for later purification
Barley,

to be in one spot

The radioactivity

Survey of plant species for methyltransferase

ments.

of an ethyl

Methyltrans-

plant species in order

and characterization

pea, and soybean were chosen for this survey

experi-

49

A

B

~

®

Figure

.

2

1

5.
(a)

Chromatogram

2

of porphyrins

Thin-layer chromatography.
No. 2 - ether extract from the
standard assay.
No. 1 - synthetic Mg protoporphyrin
monomethyl ester.
Developing solvents were benzene:ethylacetate:
ethanol (8:2:2, v/v).

(b) Descending paper chromatography.
No. 2 - ethyl acetate extract from the standard assay.
No. 1 - authentic protoporphyrin mono methyl ester.
Developing solvents were 2, 6lutidine - 0.05 N ammonium hydroxide (10:7, v/v).
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primarily

due to their ready availability.

Cucumber demonstrated

the high-

5
5
5
est activity (2.1 x 10 ), followed by barley (1. 4 x 10 ); pea (1. 2 x 10 ) and
5
soybean (1. 0 x 10 ) as shown in Table 6.
growth and greening of dark-grown

Variations

seedlings

in periods of germination,

may be partially

sponsible

for species differences

in enzyme activity.

ultimately

chosen as an enzyme

source for subsequent

availability,

rapid growth

and relatively

Location of methyltransferase
various subcellular fractions

The homogenate
plasts,

mitochondria

techniques

with disintegrated

fraction and mitochondria

found to have activities

studies because of seed

was fractioned

chloroplasts,

and Methods.
fractions

respectively.

into whole chloro-

and supernatant

Methyltransferase
(Table 7).

with disintegrated

5
of 3. 3 and 3. 2 x 10 respectively.

using

activity

The whole chloro-

chloroplasts

5
5
0. 7 x 10 and 0. 2 x 10 were found in the leaf homogenate
fractions,

were

in the

was mainly located in the particulate
plasts

Barley seedlings

high activity.

of barley seedlings

outlined in Materials

or wholly re-

fractions

Low activities

were
of

and the supernatant
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Table 6.

Survey of plant species for S-adenosyl-L-methionine-magnesium protoporphyrin
IX methyltransferase

Plant used

10- 5 x Activity*
(d. p. m. /mg protein)

Protein
µg/assay mixture
(1)

(2)

(Avg.)

Barley

364

1.7

1. 2

1. 4

Cucumber

528

2.5

1.8

2.1

Pea

330

1.0

1. 4

1. 2

Soybean

594

1.0

*Activity is defined from the incorporation of adenosylmethionine
14c and Mg protoporphyrin
IX into Mg protoporphyrin
IX monomethyl ester/
hour/mg protein as measured by d. p. m. of the product.
Enzyme extract was prepared by precipitation
with ammonium sulfate (25% saturation).
The supernatant was used for enzyme assays.
The
reaction mixture was incubated using standard conditions as outlined in Materials and Methods.
The results

given are averages

of two experiments.

52

Table 7.

Distribution

of methyltransferase

in different

Protein
(µg/assay mixture)

Fractions

cellular

fractions

5
10- x Activity*
(d. p. m. /mg protein)

523

(1)
1.0

(2)
0.5

- o. 5

(Avg.)
0.7

Whole chloroplasts

394

3.7

1. 6

4.0

3.1

Mitochondria and disintegrated chloroplasts

430

5.0

1.8

3.0

3.2

Supernatant

353

0.2

0.2

0.2

0.2

Leaf homogenate

(3)

*Activity is defined from the incorporation
of adenosylmethionine
C and Mg protoporphyrin
IX into Mg protoporphyrin
IX monomethyl esterhour/mg protein as measured by d. p. m. of the product.
14

The reaction
The results

mixture

was incubated

given are averages

using the standard

of three experiments.

conditions.

53

Purification

of methyltransferase

The crude chloroplasts
fold increase

fractions

demonstrated

a six

(Table 8).

Chloro-

in specific activity over the crude homogenate

plasts and mitochondria
fate.

and mitochondrial

The resultant

were then precipitated

supernatant

with 2 per cent protamine

exhibited a 20 fold increase

and a yield of 40 per cent of total activity compared

sul-

in specific activity

to the plant homogenate.

This supernatant

from protamine

sulfate precipitation

was brought to 50 per

cent ammonium

sulfate saturation.

The precipitate

contained almost the same

20 fold increase

in specific activity with a yield of only 19 per cent total ac-

tivity compared

to the plant homogenate.

protamine

sulfate and/or

ammonium

The purified

sulfate fractionation

protein band after disc gel electrophoresis.
tein constituents

may be present.

tion with protamine
Precipitation

Further

precipitation

slight increase
(9 per cent).

The supernatant

of the whole chloroplasts
in 22 fold purification
with ammonium

in purification
In the preliminary

exhibited only one

It is likely that other minor pro-

sulfate was used for subsequent

t amine sulfate resulted

enzyme extract through

remaining

experiments.

fraction

(Table 9) using pro-

with a total yield of 17 per cent.

sulfate (50 per cent saturation)

(24 fold) but also a marked decrease
experiments,

the whole chloroplasts

0. 5 per cent (v/v) Tween 80 induced a 18 per cent increase
as compared

after precipita-

to the control standard

assay.

gave a
in total yield
containing

in specific activity

When the whole chloroplasts

taining 0. 5 per cent (v/v) Tween 80 were frozen and thawed, the resulting

con-

Table 8.

Purification of S-adenosylmethionine-magnesium
barley seedlings

Total units
(mp mole/hr)

Total
protein
(mg)

Plant homogenate

297.8

Chloroplasts
and
mitochondria
Supernatant from
protamine sulfate
precipitation

Fraction

Precipitate
from 50
per cent (NH ) So
4 2 4

The reaction mixture
and Methods section.

protoporphyrin

IX methyltransferase

from

Specific activity
protein)

Purification

Yield

715.6

o.41

1

100

158. 3

64.8

2.44

6

60

120. 0

14.3

8.39

20

40

57.8

6.9

68.38

20

19

was incubated using standard

(mµ. mole/hr/mg

conditions

described

(%)

in the Materials

c.n

""'

Table 9.

Purification of S-adenosylmethionine-magnesium
from barley seedlings

Total units
(mµ mole/hr)

Total
protein
(mg)

Plant homogenate

869.5

683.0

Whole chloroplasts

392.2

Supernatant obtained
from protamine sulfate precipitation

Fraction

Precipitate
obtained from
50 percent (NH4 )2 so4
fractionation

The reaction
Methods section.

mixture

protoporphyrin

IX methyltransferase

Purification

Yield

1.26

1

100

55.5

7.06

6

45

145.9

5.2

28.06

22

17

77.6

2.5

31. 04

24

9

was incubated using standard

Specific activity
protein)

(mp. mole/hr/mg

conditions

described

in the Materials

(%)

and

Cl
Cl
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supernatant

exhibited a 2. 5 fold increase

to the whole chloroplast.
detergent

to liberate

Purification

purification,
compared

Tween 80 was consequently

to the particulate

plast and mitochondrial

dex G-200, it was purified

as a starting

attempts

adsorption

were unsuccessful.

were from the supernatant

sulfate.

If the enzyme extract

sulfate precipitation

material

of the chloro-

in the superna-

was passed through Sepha-

to methyltransferase

by using

instead of the leaf homogenate.

In

to further purify the enzyme using calcium phosphate gel
Ultrasonification

against Tris-HCI

treatment

buffer resulted

in Tris-HCl

pH 7. 5, was preheated

and dialysis

were unsuccessful.

buffer containing 4 mM mercaptoethanol

at 60° C for 5 minutes in a water bath.

that only trace enzyme activity remained
5

when compared
.

trol sample (4. 4 x 10 d. p. m. /mg protem).

of

in no purification.

to purify the enzyme using heat treatment

The enzyme extract

and

and a yield of 75 per cent total activity

4 fold with respect

all cases,

Attempts

precipitation

fraction which had been brought to 25 per cent satura-

tant from 2 per cent protamine

methyltransferase

sulfate or protamine

fractions

to ammonium

whole chloroplasts

a suitable

of the enzyme extract through Sephadex G-200 gave a slight

A 6. 5 fold purification

tion with respect

considered

methyltransferase.
using ammonium

subsequent passage

in total specific activity compared

at

It was found

to an unheated con-
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Proportionality
of methyltransferase
activity with incubation time
Methyltransferase
action mixture

activity was linear with respect

to time when the re-

was incubated in the dark for periods up to one hour.

The en-

zyme remained

active up to 3 hours upon which time a marked decrease

tivity occurred

(Figure 6).

The incubation time chosen for subsequent

in acexperi-

ments was one hour.

Methyltransferase
related to pH

activity as

Methyltransferase

activity was measured

within a pH range from 6. 5 to 9. 0 at intervals
active over the entire pH range studied,
7. 0 - 7. 5 in the aforementioned
of

o. 02 M and

of 0. 5 units.

The enzyme activity in Tris-HCl

pH value of 7. 5 in 0. 02 M Tris-HCl

at pH

At a buffer concentration

was active both in Tris-HCl

somewhat higher than that of phosphate buffer.

buffer

The enzyme was

with highest activity observed

buffer (Figure 7).

pH 7. 5, methyltransferase

sodium phosphate buffers.

in 0. 02 M Tris-HCl

and

was found to be

In succeeding

experiments

a

buffer was used in the standard assay.

Proportionality
of methyltransferase
activity with protein concentration
A linear

relationship

was exhibited up to 500 µg.

between protein concentration
Above this concentration

and enzyme activity

of protein,

substrate

was

Figure 6. Methyltransferase,

reaction rate in relation to incubation time.

Activity is defined from the incorporation of adenosylmethionine 14c and Mg protoporphyrin IX into Mg protoporphyrin IX monomethyl ester/hour/mg
protein as measured by d. p. m. of the product.
Standard enzyme assay procedures

were used,

'The assay mixture contained 463 ug protein.
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7.

Methyltransferase,

reaction

rate in relation

to pH.

Activity is defined from the incorporation
of adenosylmethionine
14c and Mg protoporphyrin
IX into Mg protoporphyrin
IX monomethyl ester/hour/mg
protein as measured by d. p. m. of the product.
Tris-HCl buffer (0. 02 M) was used in the reaction mixture
standard assay procedures were used. The assay mixture
tained 456 µg protein.

and
con-
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limiting and activity
consequent

decreased

experiments

(Figure 8).

Enzyme concentrations

used in

did not exceed 500 ,ug per assay.

Substrate concentration and
methyltransferase
activity
S-adenosylmethionine
substrates

involved in the methyltransferase

the Michaelis

constant

sured with various
(saturated

and magnesium

reaction.

(Km) for each substrate,

concentrations

in respect

protoporphyrin

IX are the two

In order to determine

rates or reaction

of one substrate

were mea-

and a fixed concentration

to activity) of the other.

Rates of reaction

were measured

in the presence

of various

concentra-

(', 0'1-'J-

tions of magnesium
concentration

protoporphyrin

(92. 6 pM) of S-adenosylmethionine.

when the concentration
mM (Figure 9).
concentrations

IX from 0. 25 mM to 0. 2 mM and a fixed

of magnesium

Similarly,

protoporphyrin

noted
0. 15

by using various

from 18. 5 µM to 166. 6 µM, and a con-

(0. 35 mM) of magnesium

S-adenosylmethionine

saturation

IX was approximately

enzyme activity was determined

of S-adenosylmethionine,

stant concentration

Substrate

protoporphyrin

was found at approximately

IX.

a concentration

Saturation

with

of 92. 6 µM

(Figure 10).
Studies showed that at pH 7. 5 in Tris-HCl
Km values for Mg protoporphyrin
39 µM, respectively.
using a computer

buffer and 37°C the apparent

IX and S-adenosylmethionine

(KM for S-adenosylmethionine

method (correlation

coefficient

were 48 pM and

was found to be 33 µM

(r) = 0. 99).
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Methyltransferase,
tration.

reaction

rate with respect

to protein

concen-

Activity is defined from the incorporation
of adenosylmethionine
14 c and Mg protoporphyrin
IX into Mg protoporphyrin
IX monomethyl ester/hour/mg
protein as measured by d. p. m. of the product.
The standard

enzyme assay procedures

were used.

Figure 9.

Rate of methyltransferase
phyrin IX) concentration).

reaction and substrate

(Mg protopor-

Activity is defined from the incorporation of adenosylmethionine14c and Mg protoporphyrin IX into Mg protoporphyrin IX monomethyl ester/hour/mg protein as measured by d. p. m. of the product.
The reaction mixtures including 92. 6 pM. S-adenosylmethionine
were incubated using standard assay procedures.
The assay mixture contained 496 pg protein.
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14
Activity is defined from the incorporation of adenosylmethioninec and Mg protoporphyrin IX into MG protoporphyrin IX monomethyl ester/hour/mg
protein as measured by
d. p. m. of the product.
'.fhe reaction mixtures included 0. 35 mM Mg protoporphyrin IX and were incubated using
standard assay conditions. The reaction mixture contained 430 µg protein.
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Protoporphyrin as substrate
the reaction mixture

Protoporphyrin
to determine

IX was substituted

the substrate

phyrin IX as substrate
protoporphyrin

in

specificity.

for Mg protoporphyrin

The rate of reaction with protopor-

was only about one-fourteenth

IX was used as substrate

mM ethyelenedinitrilotetraacetic

(Table 10). * In the presence

was only 69 per cent that of the control samples.

Effect of various
methyltransferase

of that found when Mg

acid (EDTA), methyltransferase

hibited the reaction of preliminary

IX in order

cf, oC.'-dipyridyl

of 3

activity
also in-

experiments.

solvents on
activity

Various organic solvents were added to the reaction mixture in order
to determine

their effects upon methyltransferase

and acetone,

at 10 per cent concentration

activity.

Methanol,

in the reaction mixture,

ethanol

were chosen

for this study (Table 11). Methanol yielded 104 per cent the activity of control
samples,

and was later used as a solvent for water insoluble additives to the

enzyme reaction.

The ethanol-treated

activity of control samples.
when the reaction

sample showed only 67 per cent the

Only 24 per cent of control activity was observed

mixture included acetone.

*In the absence of both protoporphyrin IX and Mg p,rotoporphyrin IX no
methyltransferase
activity occurred, eliminating the possibility of endogenous
substrates accounting for the activity found with protoporphyrin.
(In the final
draft the foregoing footnote will be included in the text.)
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Table 10.

Effect of EDTA on the methylation

of protoporphyrin

Final concentration
of
added compound
(mM)

Substrate

4
10- x Activity*
(d. p. m. /mg protein)
(1)

Magnesium
protoporphyrin

IX

Protoporphyrin

IX

Protoporphyrin

IX

21.4

EDTA(3mM)

IX

(2)

29.2

(avg.)

25.3

1. 6

1.8

1. 7

1. 1

1. 3

1.2

*Activity is defined from the incorporation
of adenosylmethioninec and Mg protoporphyrin IX into Mg protoporphyrin IX monomethyl ester/
hour/mg protein as measured by d. p. m. of the product.
14

The reaction mixture was incubated using the standard assay except
protoporphyrin
IX was substituted for Mg protoporphyrin
IX in some experiments.
Protein content was 119 µg per assay.
The results

were averages

of two experiments.
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Table 11.

Effect of various

organic

Final concentration
added solvent
Solvent

(%)

solvents on methyltransferase
of

5
10- Activity*
(d. p. m. /mg protein)

Activity
(%)

(2)

(avg.)

4.3

3.9

4.1

100

(1)
None

activity

Methanol

10

4.6

4.0

4.3

104

Ethanol

10

2.9

2.8

2.9

67

Acetone

10

1.2

0.8

1.0

24

*Activity is defined from the incorporation of adenosylmethionine
c and Mg protoporphyrin IX into Mg protoporphyrin IX monomethyl ester/
hour/mg protein as measured by d. p. m. of the product.
14

protein

The reaction mixture was incubated using standard
content was 298 µ per assay.
The results

are the average

of two experiments.

conditions.

The
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Inhibition of methyltransferase
by analogs
of the substrate S-adenosylmethionine
Rates of the enzyme reaction
ent concentrations

of S-adenosyl-L-methionine

129. 6 µM at a fixed concentration
fixed concentration

in the presence

of Mg protoporphyrin

It was found that reciprocal

containing control or inhibitors
intercepted

IX (0. 35 mM) and a

(S-adenosylthethionine

and S-adenosylhomocysteine

plot indicates
are competitive

or S-adeno-

plots of reaction

rates of assay

or S-adenosylhomo-

the 1/v axis at the same point (Figure

This Lineweaver-Burk

of differ-

ranging from 18. 5 µ.M to

(0. 6 mM) of the analogs 8-adenosylethionine

sylhomocysteine.

cysteine)

were measured

11).

that both S-adenosylethionine
inhibitors

with respect

to 8-

adeno sy !methionine.

Other porphyrins as inhibitors
of methyltransferase
Prophyrins,

such as protoporphyrin

(ferric protoporphyrin)
metal-free

were added to the reaction

porphyrin,

coproporphyrin

induced a 25 per cent increase
standard

assay.

mixture

III and hemin

(Table 12).

Protoporphyrin
I

IX at a concentration

and was deemed worthy of further

to the control

of O. 20 mM decreased

The metalloporporphyrin,

to be a potent inhibitor of methyltransferase

hemin,

activity in preliminary

study directed

The

of O. 10 mM

III, at a concentration

in enzyme activity as compared

enzyme activity by 10 1per cent.

hibition.

IX, coproporphyrin

at determining

was found
experiments

the type of in-

Figure 11.

Double reciprocal plot of initial velocity against S-adenosylmethionine
in the presence of S-adenosylmethionine analogs.

concentration

Activity is defined from the incorporation of adenosylmethionine - 14c and Mg protoporphyrin IX into Mg protoporphyrin IX monomethyl ester/hour/mg
protein as measured by d. p. m. of the product.
Change in the rate at varied concentrations of s-adenosylmethionine with a fixed Mg
protoporphyrin IX concentration (0. 35 mM) and a fixed concentration of S-adenosylethionine (0. 6 mM) or S-adenosylhomocysteine
(0. 6 mM). Standard assay procedures
were used. The reaction mixture contained 396 µg protein. o, no inhibitor; •• with
S-adenosylethionine; •• with S-adenosylhomocysteine.
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Table 12.

Effect of various

porphyrins

on methyltransferase

Final concentration
of added porphyrin
(mM)

Other porphyrin

III

Heroin chloride
Protoporphyrin

IX

5
10- x Activity*
(d. p. m. /mg protein)
(3)

Activity
(% of control)

(1)

(2)

2.7

3.1

2.9

2.9

100

0.10

3,8

3.4

3.8

3.6

125

0.25

0.7

0.4

0.5

0.5

19

o.20

2.1

3.1

2.6

2.6

90

Control
Coproporphyrin

activity

(avg.)

*Activity is defined from the incorporation
of adenosylmethionine
14 c and Mg protoporphyrin
IX into Mg protoporphyrin
IX monomethyl ester/
hour/mg protein as measured by d. p. m. of the product.

protein

The reaction mixture was incubated
content contained 415 µg per assay.
The results

are averages

using standard

of three experiments.

conditions.

The
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Hemin inhibition of methyltransferase was examined by measuring
enzyme reaction rates at varying concentrations (from 0. 05 mM to O.4 mM)
of the substrate (Mg protoporphyrin IX) in the presence of

o. 25

mM of the in

hibitor (hemin) and 92. 6 mM of the other substrate (S-adenosylmethionine).
The double-reciprocal plot in Figure 12 reveals intersection of the control
and inhibition lines at a point left of the ordinate and above the abscission.
From these results it was concluded that hemin appeared to be a non-com
petitive inhibitor of the methyltransferase reaction with respect to Mg protoporphyrin IX.

Effect of thiol inhibitors on
methyltransferase activity
The effect of some thiol inhibitors on methyltransferase was studied
to determine whether the enzyme activity is dependent on free enzyme sulfhy
5
dryl groups as shown in Table 14. P-chloromercuribenzoate at 5 x 10- M
3
and AgNO at 10- inhibited methyltransferase activity by 87 and 98 per cent,
3
respectively. However, iodoacetamide and iodoacetic acid (potassium salts)
3
at 10- M slightly increased activity (112% and 109% of control assays, in that
4

order). The addition of 10- M mercaptoethanol to assays containing 5 x 10-

5

M p-chloromercuribenzoate not only completely reversed enzyme inhibition,
+

but increased activity 24 percent over control assays. The effect of Ag on
2

enzyme activity was similar to that found with cu +, i.e., both Cu
are very strong inhibitors (See Tables 13 and 16).

2+

+

and Ag

Figure 12. Double reciprocal plot of initial velocity against Mg protoporphyrin
absence of hemin.

IX concentrations

in the

14
Activity is defined from the incorporation of adenosylmethionine - c and Mg protoporphyrin
IX into MG protoporphyrin IX monomethyl ester/hour/mg
protein as measured by d.p.m. of
the product.
Methyltransferase activity-with varied Mg protoporphyrin IX concentrations and a fixed concentration of S-adenosylmethionine (92. 6 uM) in the absence and presence of heroin (0. 25 mM).
Standard assay procedures were used. o, no hemin; e, hemin. The assay mixture contained
414 ug protein.

~
\.D

12

X

-

0

8

•
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Table 13.

Effect of various

inhibitors

Final concentration
of added inhibitor
(mM)

Compound

on methyltransferase

5
10- x Activity*
t:I.p. m. /mg protein)
(Avg.)

2.9

3.3

3.1

100

0.3

0.5

0.4

13

3.4

4.2

3.8

122

1. 00

0.04

0.08

0.06

1.00

3.2

3.8

3.5

112

1. 00

3.2

3.6

3.4

109

Control

PCMB and mercaptoethanol
AgNO

0.05

Iodoacetamide
acid,

0.05

& 0.10

3

Iodoacetic

Activity
(fa of control)

(2)

( 1)

P-chloromercuribenzoate (PCMB)

activity

K+

*Activity is defined from the incorporation
and Mg protoporphyrin
IX into Mg protoporphyrin
protein as measured by d.p. m. of the product.

2

of adenosylmethionine
- 14c
IX monomethyl ester/hour/mg

Thiol reagent was excluded from the extraction medium during enzyme
preparation and from the reaction mixture except in the one experiment as indicated above. The reaction mixture was incubated using standard assay procedures.
The protein content was 488 pg per assay.
The results

are averages

of two experiments.
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Effect of thiol activators on
methyltransferase
activity

The effects of various thiol reagents at 4 mM is tabulated in Table 14.
When mercaptoethanol,

thioglycolic acid (potassium salt), dithiothreitol

cysteine was added separately

to the reaction mixture,

pared to the control assay increased
However, glutathione-treated

or

enzyme activity com-

10%, 3%, 47% and 43%, respectively.

assay showed little effect in activity.

Effect of chelating reagents
on methyltransferase
activity

Chelating reagents,
1, 10-phenanthroline,

chromotropic

(EDTA), 8-hydroxyquinoline,
bazone and

such as diethylenetriaminepentaacetic

tf,J"-dipyridyl,
1

acid, ethylenedinitrllotetraacetic

sodium diethyldithiocarbamate,

1

-dipyridyl,

diphenylthicarbazone

diphenylthiocar-

chromotropic

acid,

and sodium diethyldithiocarbamate

duced 34%, 26%, 29%, 22%, 14% and 9% inhibition,
as 8-hydroxyquinoline

acid

each at 3 mM were examined for effects on en-

zy:i;neactivity (Table 15). DTPA, 1, 10-phenanthroline,

/, i/

acid (DTPA),

respectively.

in-

Others such

and EDTA exhibited little or no effect.

Effect of various salts on
methyltransferase
activity

NaN 3, KF• 2H 0, MnCJ • 4H 0, CoC12 • 6H20, Fe (NH4)2 (S0 4 )2 , FeCJ 3 ,
2
2
2
ZnS0 4 • 7H2o and Cuso 4 at 1 mM were tested for their effect on the incorporation
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Table 14.

Effect of thiol reagents

on methyltransferase

Final concentration
of added reagent
(mM)

Control

activity

5
10- x Activity*
(d, p. m, /mg protein)

Activity
(% of control)

(1)

(2)

(Avg.)

3.0

1. 6

2.3

100

Mercaptoethanol

4

3, 1

2.0

2.6

110

Glutathione

4

3.3

1. 1

2,2

95

4

3.6

1. 2

2.4

103

Dithiothreitol

4

4.2

2.7

3.4

147

Cysteine

4

4.7

2.0

3.3

143

Thioglycolic

acid,

K+

*Activity is defined from the incorporation
and Mg protoporphyrin
IX into Mg protoporphyrin
protein as measured by d. p. m. of the product.

14
c
of adenosylmethionine
IX monomethyl ester/hour/mg

Thiol reagent was excluded in the extraction medium during enzyme
preparation.
The reaction mixture contained various thiol reagents and incubated using standard conditions.
The protein content was 488 pg per assay.
The results

are averages

of two experiments.
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Table 15,

Effect of various

chelating

reagents

Final concentration
of added compound
(mM)

Reagents

on methyltransferase

5
10 - x Activity*
(d. p. m, /mg protein)

Activity
(% of control)

(2)

(Avg,)

2.8

3,4

3.1

100

(1)
Control

activity

EDTA (ethylenedinitrilotetraac etic acid)

3

2.7

2.8

2.8

90

8-hydroxyquino

3

2.8

3.1

3.0

95

1 9 10-phenanthroline

3

2,1

2,6

2,3

74

DTPA (Diethylenetriaminepentaacetic
acid)

3

2.1

2,0

2.1

66

Sodium diethyldithiocarbamate

3

2.6

3.1

2.9

91

Diphenylthiocarbazone

3

2.2

3.2

2.7

86

Chromotropic

3

1.8

2.6

2.2

71

~. c;l'-Dipyridyl

3

2.6

2, 1

2.4

78

line

*Activity is defined from the incorporation
and Mg protoporphyrin
IX into Mg protoporphyrin
protein as measured by d. p. m. of the product.
The reaction mixture was incubated
tein content was 458 pg per assay.
The results

are averages

14
c
of adenosylmethionine
IX monomethyl ester/hour/mg

using standard

of two experiments.

conditions.

The pro-
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of Mg protoporphyrin
Fe

2+
9

Fe

3+

, Zn

respectively.
activity

2+

IX into its monomethyl
and F

However,

-

ester as shown in Table 16.

inhibited the enzyme by 16%, 21%, 15% and 13%
Co

2+
i

Mn

2+

and NaN

3

had little effect on enzyme
+

(83, 98 and 110 per cent of control assays).

Cu , a heavy metal,

I

induced 98% inhibition at 1 mM, results
Table 13).

similar

Since the enzyme appeared

was conducted to determine

whether

at a higher concentration

17) indicate that KF induced a 20% reduction

a 4% decrease.
inhibited

IX into its monomethyl
Therefore,

methyltransferase

+

(see

to be inhibited by KF, an experiment

would have more effect upon methyltransferase

ium protoporphyrin

to the effect of Ag

activity.

(25 mM) of KF

The results

in the incorporation
ester;

whereas

it wotild seem that fluoride

(Table

of magn~s-

KCl caused only

rather

than potassium

activity.

Effect of incubation conditions and magnesium on methyltransferase
activity
Enzyme reaction

conditions

were changed from aerobic

by use of a Thunberg tube which was evacuated
fied nitrogen
conditions
1 mM Mg

gas.

Methyltransferase

slightly enhanced

while little effect was observed

and then flushed with prepuri-

activity was 16% higher under aerobic

than that found under anaerobic
2+

to anaerobic

conditions

(14%) enzyme activity
in the anaerobic

as shown in Table 18.
in the aerobic

assays.

state,
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Table 16.

Effect of various

salts on methyltransferase

Final concentration
of added compound
(mM)

Compound

2.6

1. 2

1. 9

100

1

3.0

1. 2

2.1

110

1

2.4

1.0

1. 7

87

1

1. 9

1. 3

1.6

83

1

2.7

1. 1

1.9

98

1

2.4

0.8

1.6

84

(FeCI )
3

1

2.0

1.0

1.5

79

(ZnSO • 7H O)
4
2

1

2.0

1. 3

1. 6

85

(CuSO • 5H O)
4
2

1

0.05

0.046

0.05

2

2
Fe + [Fe(NH 4 ) 2 (SO ) ]
4 2

Zn
Cu

2+
2+

(%)

(Avg.)

3

3+

Activity

(2)

F (KF· 2H O)
2
2+
Co (CoCI • 6H O)
2
2
2+
Mn (MnCI • 4H O)
2
2

Fe

5
10- x Activity*
(d. p. m. /mg protein)
(1)

Control
NaN

activity

*Activity is defined from the incorporation of adenosylmethionine
14
C and Mg protoporphyrin
IX into Mg protoporphyrin
IX monomethyl ester/
hour/mg protein as measured by d. p. m. of the product.
The reaction mixture was incubated using the standard
The protein content was 395 µg per assay.
The results

are averages

of two experiments.

conditions.
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Table 17.

Effect of fluoride

Compound

on methyltransferase

Final concentration
of added compound
(mM)

activity

5
10 - x Activity
(d. p. m. /mg protein)
(1)

(2)

Activity
(% of control)

(Avg.)

none

2.3

2.7

2.5

100

KCl

25

2.2

2.6

2.4

96

KF

25

1.9

2.1

2.0

80

Control

*Activity is defined from the incorporation
of adenosylmethionine
C and Mg protoporphyrin
IX into Mg protoporphyrin
IX monomethyl ester/
hour/mg protein as measured by d. p. m. of the product.
14

protein

The reaction mixture was incubated
content was 487 pg per assay.
The results

are averages

using standard

of two experiments.

conditions.

The

80

Table 18.

Conditions

Effect of Mg
activity

2+

and incubation

Final concentration
2+
of added Mg
(mM)

conditions

on methyltransferase

5
10- x Activity*
(d. p. m. /mg protein)

Activity
(%)

(Avg.)

(1)

(2)

Aerobic

2.2

1.5

1.8

100

Anaerobic

1. 6

1. 5

1. 5

84

Aerobic

1

2.5

1. 7

2.1

114

Anaerobic

1

1.5

1. 3

1.4

77

*Activity is defined from the incorporation
of adenosylmethionine
c and Mg protoporphyrin IX into Mg protoporphyrin IX monomethyl ester/
hour/mg protein as measured by d. p. m. of the product.
14

protein

The reaction mixture was incubated
content was 444 )lg per assay.
The results

are averages

using standard

of two experiments.

conditions.

The

81
2+

Effect of Mg
on methyltransferase
under aerobic and anaerobic incubation conditions with protoporphyrin
IX
served as substrate
The enzyme extracts

were passed through a short column (2. 5 x 2. 0 cm)

of Sephadex G-50 to remove possible
were used for this study.
phyrin IX as substrate
than that under aerobic

Methyltransferase

under anaerobic
conditions

to when Mg protoporphyrin

metal ions.

The most active fractions

activity assayed

conditions

with protopor-

4
(9. 35 x 10 ) was much lower

4
(15. 99 x 10 ) as shown in Table 19, similar

was used as substrate.

Mg

2+

at a concentration

of

1 mM inhibited enzyme activity by 20 per cent when compared

to control

under aerobic

of 1 mM slightly

condition.

However,

Mg2+ at a concentration

increased

enzyme activity by 8% when compared

anaerobic

conditions.

to control

samples

sample under the

82

Table 19.

Enzyme reaction

with protoporphyrin

of Mg2+ and incubation

Aerobic

incubation

Aerobic incubation

Anaerobic

incubation

Anaerobic

incubation

1

1

9

and effect

conditions

Final concentration
of added Mg 2 +
(mM)

Conditions

IX as substrate

3
10 - x Activity*
(d. p. m. /mg protein)

Activity
(% of control)

(1)
10. 11

(2)
21. 87

(Avg.)
15. 99

100

9.87

15. 12

12.50

80

9.90

8.79

9.35

100

10. 12

10.07

10.10

108

*Activity is defined from the incorporation
and Mg protoporphyrin
IX into Mg protoporphyrin
protein as measured by d. p. m. of the product.

14
of adenosylmethionine
C
IX monomethyl ester/hour/mg

The reaction mixture remained the same as described in Methods and
Materials except protoporphyrin
IX was substituted for Mg protoporphyrin
IX.
The protein content was 378 pg per assay.
The results

are averages

of two experiments.
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DISCUSSION

The proposed

biosynthetic

pathway of chlorophyll

in plants is outlined

as follows:
Glycine + succinyl CoA
coproporphyrinogen

III

porphyrin

magnesium

S-aminolevulinic
protoporphyrin

acid - - - - magnesium

IX

protoporphyrin

IX monomethyl

ester

~

proto-

- - - -

~

chlorophyll.
The results
a metabolic

obtained from this study indicate

intermediate

in the incorporation

phyll, and the sequence of reactions
Mg protoporphyrin

The results

more extensively.

indirectly

IX by magnesium

tobacco tissue,

Magnesium

into protoporphyrin

reveals

chelatase

IX through
ester.

Our re-

pathway in plants.
of chlorophyll

indicated

iron may be involved in the

IX and chlorophyll.

Studies showing the incorporation
bacco tissue

monomethyl

IX is

IX into chloro-

from protoporphyrin

on effects of iron on the biosynthesis

steps between protoporphyrin

tion of magnesium

proceeds

biosynthetic

that in both healthy and chlorotic

investigated

of protoporphyrin

IX and then to Mg protoporphyrin

sults support this proposed

that protoporphyrin

Specific reactions

chelatase

should be

which catalyzes

IX has not been yet demonstrated

of protoporphyrin
that magnesium

before chlorophyll

IX into chlorophyll

is inserted
is formed.

the inserin plants.

using to-

into protoporphyrin
Methyltransferase,

84

which catalyzes

magnesium

form magnesium
cysteine

protoporphyrin

protoporphyrin

does not require

9

barley seedlings
chelatase

methyl ester.

either ferrous

where iron citrate

protoporphyrin

chlorophyllide

(Lascelles,

volved in the reactions
the experiments

1966a).

of the various

is a necessary

IX mono-

with Rhodopseudo-

component in the conversion

ester to 2-divinyl-2-hydroxyl

It also supports

beyond Mg protoporphytin

1963; Cooper,

remains

the experiment

IX monomethyl

evidence that iron may be in-

IX monomethyl ester

spheroides

directly

to be elucidated

or indirectly

in the biosynthesis

by further purification

III to protoporphyrin

The importance

to whole tissue chlorophyll

biosynthesis.

Solubility of protoporphyrin
Low cellular
may partially
phyll.

permeability

IX in mitochondria

of this in vitro requirements

synthesis

of

and characterization

Hsu and Miller (1970) have shown that iron may be involved in reactions

chloroplasts.

shown in

and Rhodopseudomonas

individual enzymes which are active in chlorophyll

convert coproporphyrinogen

ethyl

1963).

Whether iron participates
chlorophyll

of Mg protoporphyrin

supports

with Rhodopseudomonas

(Jones,

iron for enzyme activity in

Iron could be involved in the magnesium

The latter hypothesis

of magnesium

to

ester and S-adenosylhomo-

or ferric

and in the transformation

monas spheroides

capsulta

IX monomethyl

(see Table 16).

reaction

IX and S-adenosylmethionine

which

or broken

for iron in relation

has not been established.
IX in the reaction

for the relatively

mixtures

large protoporphyrin

account for the low incorporation

of protoporphyrin

was unknown.
IX molecule
IX into chloro-
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Purification
methyltransferase

of S-adenosylmethionine-magnesium

from higher plants has not been reported elsewhere.

The methyltransferase
characterized

protoporphyrin

was partially purified (approximately 24 fold) and

in greening barley seedlings in the present studies.

fied enzyme yielded only one protein band on electrophoresis

The puri-

in polyacryla-

mide gel, but it is possible that other constituents were present and not detected under the conditions used.

It is suggested that the methyltransferase

might

be a lipoprotein or be buried in a lipoprotein complex (Ebbon and Tait, 1969).
The enzyme was not completely released from chloroplast fractions of barley
seedlings by ultrasonic treatment

or solubilizing with non-ion detergent,

Tween 80 (polyoxyethylene sorbitan mono-oleate).
which has been used as a good solubilizer

Tween 80 is a mild reagent

for a number of membrane-bound,

lipoprotein enzymes (Tzagoloff and Penefsky,

1971). · Results with Tween 80 on

trying to release this enzyme in the soluble form from organelles is in agreement with that of 'methyltransferase
During the purification procedure,

found in Euglena cells (Ebbon and Tait, 1969).
it was difficult to further purify the enzyme

extract containing the detergent using ammonium sulfate concentrations

since

Tween 80 separated from solution as an oil layer.
Methyltransferase
and disintegrated

was found to be located both in whole chloroplasts,

chloroplasts

with mitochondria as found in Euglena (Ebbon

and Tait, 1969). In contrast to the experiment with Euglena, the enzyme from
barley seedlings was found in limited amounts in the soluble fractions.

This

86

was most likely due to the contamination of the supernatant solution with
fragments of chloroplasts

and mitochondria.

Since methyltransferase
complex, then the membranes
ably sites of enzyme location.

was probably associated with the lipoprotein
of both chloroplasta
Protoporphyrin

levulinic acid by the isolated chloroplasts

whole chloroplasts,
1970).

III to protoporphyrin

which catalyzes

into the protoporphyrin

which carries

(Hsu and Miller,

out the reaction placing magnesium

ring (to form magnesium protoporphyrin

be found and characterized

the conversion

IX, was found to be located both in

and mitochondria with broken chloroplasts

Magnesium chelatase,

in experiments

IX was formed from 8-amino-

of Euglena (Carell and Kahn, 1964).

Also in our laboratory coproporphyrinogenase,
of coproporphyrinogen

and mitochondria were prob-

in both higher and lower plants.

IX), has yet to

Rebeiz et }1. (19~2)
•

with greening cucumber seedlings claimed that a magnesium por-

phyrin (probably magnesium protoporphyrin)
levulinic acid in the green particulate

could be synthesized from 8-amino-

fraction with or without the soluble protein

fraction.
Both magnesium protoporphyrin

IX and protoporphyrin

strates for the enzyme in barley seedlings.
ineffective substrate.

IX served as sub-

However, the latter served as an

This is in agreement with the work done with corn seed-

lings (Radmer and Bogorad, 1967), wheat seedlings (Ellsworth and Dullaghan,
1972),. Euglena (Ebbon and Tait, l.!969), and Rhodopseudomonas
1963).

(Gibson, et al.,

Gorchein (1972) claimed that the reaction from protoporphyrin

magnesium protoporphyrin

IX to

IX monomethyl ester in the whole cells of Rhodo-
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pseudomonas

spheroides

protoporphyrin

is dependent on a multienzyme

IX serves as the reaction

that magnesium

protoporphyrin

substrate.

IX monomethyl

protoporphyrin

IX and S-adenosylmethionine

in chloroplasts

and mitochondria.

EDTA markedly

metals present
phyrin ring.

in the reaction

seedlings

into the protopor-

by EDTA was reported
(Gibson et al.,

of Zn

2+

ester.

found to be a substrate
(Radmer and Bogorad,

The possibility

.

in Euglena
In these

1967).

mono-

On the other hand, zinc chel-

1969).

for the methyltransferase

IX has been shown

Zn protoporphyrin

was

reaction from corn

It is probably that Zn protoporphyrin

IX was methylated.

of Zn protoporphyrin

1963).

2+

was Mg protoporphyrin

into protoporphyrin

barley seedling (Golden and Little,

agent such as glutathione
1963).

IX, but only

in our study the assay did not permit the

monomethyl

the insertion

both

This suggests that endogenous

of whether the product of methylation

instead of protoporphyrin
synthesis

methylation

and also those reported

atase which catalyzes

further

IX.

1969) and Rhodopseudomonas

methyl ester or protoporphyrin

in dark-grown

of protoporphyrin

EDTA has been shown to be a good chelating reagent for Mg

(Ebbon and Tait,

establishment

by means of methyltransferase

mixture may have been inserted

This inhibition of protoporphyrin

experiments

On this basis it is assumed

ester is formed from magnesium

inhibited the methylation

slightly inhibited that of Mg protoporphyrin

complex in which

Destruction

IX

and inhibition of the bio-

IX were found when Tween 80 and a reducing re-

were included in the reaction

of Zn protoporphyrin

mixture

IX formation

(Gibson et al.,

may be ruled out since

Tween and a reducing reagent were included in the assay for methyltransferase.
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No Zn ions were added to the reaction mixture.
protoporphyrin

The results indicate that Mg

IX is probably formed by means of magnesium chelatase be-

fore protoporphyrin
methylation requires

IX could by methylated .. Elucidation of protoporphyrin
further study.

The methylation of Mg .protoporphyrin
aerobic conditions; the reason is unknown.

IX or protoporphyrin

IX favored

Mg2+ gave a slight enhancement of

enzyme activity under anaerobic conditions when protoporphyrin

IX served as

substrate.
The apparent Michaelis constant (Km) for S-adenosyl-L-methionine

ob-

tained in this study (38 )IM) was lower than that reported by Ellsworth and Dullaghan (1972) for the wheat enzyme (48 µM), by Gibson et al. (1963) for the Rhodopseudomonas

enzyme (55 _µM), and by Ebbon and Tait (1969) for the enzyme ex-

tracted from chloroplasts

of Euglena with Tween 80 (160 µM).

tion range for S-adenosylmethionine
wheat enzyme was approximately
Rhodopseudomonas

enzyme.

p.M and for determination

used in the determination

The concentraof Km values for

up to 100 µMand up to about 250 µM for the

In our studies the standard assay contained 92. 6

of Km value for S-adenosylmethionine

The apparent Km of 48 µM for·Mg protoporphyrin

up to 166. 6 pM.

IX in barley seedlings was high-

er than the values determined for the enzymes of wheat (36 )lM), Rhodopseudomonas (40 µM) and the enzyme which was extracted from Euglena chloroplasts
with added Tween 80 (15 pM). Difficulties experienced in the determination
the apparent Km for Mg protoporphyrin

of

IX may be due to the relative insolubility

of the substrate in phosphate buffer which has been used in most investigations.
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Methyltransferase
Tris-HCl

isolated from barley seedlings

and phosphate buffer - results

zyme from Rhodopseudomonas
Tait,
buffer.

1969).

similar
~

(Gibson et al.

was active both in

to those recorded

for the en-

1963) and Euglena (Ebbon and

The enzyme exhibited an optimum pH around 7. 5 with Tris-HCl

This value is lower than those found both in Rhodopseudomonas

and Euglena enzymes

(8. 0) using the same buffer.

obtained in this study was in close agreement
and Dullaghan (1972) in their preparation

(8. 4)

However, the pH optimum

with that reported

by Ellsworth

from wheat using phosphate buffer

(pH 7. 7).
Substrate

analog inhibition was one of the characteristics

methyltransferase.
transferase

Both S-adenosylethionine

reaction,

adenosylmethionine

i.e.,

S-adenosylmethionine.
with S-adenosylmethionine
(its structure

is similar

to Mg protoporphyrin

It is therefore

assumed

with respect

that hemin,

of inhibition patterns
with Rhodopseudomonas

observed

to magnesium

for catalytic

made by Gibson et al. (1963).

phyrin IX and subsequently

chlorophyll.

competed

3
IX except Fe + replaces

for the formation

Mg2+)

porotporphyrin.
inhibitor,

action.

in this study are consistent

been shown to be a common precursor

to

On the other hand, hemin

as a noncompetitive

with certain parts of the enzyme essential

with respect

that the two inhibitors

on the enzyme site.

inhibition was non-competitive

(both are analogous to S-

were found to be competitive

Thus it is postulated

by

and a product from the methyl-

S-adenosylhomocysteine

in structure)

displayed

combined

The two types

with the results

Protoporphyrin
of heme,

Mg protoporphyrin

IX has

Mg protopor-

was found to be an

90

inhibitor
al.,

of ferro chelatase

1963).

with Rhodopseudomonas

Inhibition of the methyltransferase

form of heme) observed
the magnesium

Methyltransferase

and Dullaghan (1972).

The mechanism

They treated

after preheating

to that reported

the Rhodopseudomonas

suggests

with
0

wheat enzyme at 60 C

and found no enzyme activity remained.

the precipitation

enzyme

of protein

of inhibition was probably attributable

between heavy metals and sulfhydryl
and formation

inactivated

such as cupric and silver ions that inactivated

resembled

This inactivation

9

in

biosynthesis.

This finding is somewhat similar

for 1 hour prior to incubation

transferase

reaction by hemin (oxidized

was almost completely

for 5 minutes at 60° C.

Heavy metals

(Gibson et

in this study may be another control mechanism

branch of tetrapyrrole

wheat by Ellsworth

spheroides

methyl-

(Gibson et al.,

1963).

(Dixon and Webb, 1964).
to mercaptide

formation

R - 8--__
group(s) of the enzyme (R _ S---

of a metal salt (CO 0-Me+).

Metal),

Also carboxyl group, histidine

(if

any) and other active groups might be involved in this reaction.
P- chloromercuribenzoate
transferase,

similar

might be pictured

R-

SH+ CCHg+ 2

was found to be a potent inhibitor of methyl-

to that found in Rhodopseudomonas

enzyme.

This reaction

as follows:

~

However,

iodoacetamide

increased

the enzyme activity.

COO

R-S-Hg--((2;-

(ICH COO-) and iodoacetamide
2
Iodoacetate

COO-+ HCl

(ICH CONH ) slightly
2
2

is not a general thiol enzyme poison

91
and fails to react with many thiol enzymes (Dixon and Webb, 1964).

There

are some thiol enzymes, such as malate dehydrogenase and L-glutamic dehydro
genase, which are not inhibited at all by either of these two alkalating agents
(Barron, 1951). On the other hand, these two alkalating agents may react with
a sulfbydryl group which is not located in the region of the active site of enzyme and consequently the effect would be limited.

Thiol activators activated

the methyltransferase activity. Thus, it ls suggested that thiol groups are pre
sent in the enzyme and essential for its activity.
Methyltransferase was able to tolerate 10 per cent methanol in the reac
tion mixture. Thus methanol seemed to be a good solvent for the water insoluble
reagents used in this study, e.g. , diphenylthiocarbazone.

This solvent tolera

tion property was also demonstrated with chlorophyllase (Bacon and Holden,
1970), an enzyme which catalyzes the reaction between chlorophyll and chloro
phyllide with phytol.

However, methyltransferase was inhibited by ethanol and

acetone, two solvents which have been found to activate chlorophyllase.

The ef

fect of solvents on the methyltransferase reaction was probably localized at the
enzyme, since total recovered porphyrins were not destroyed.
Protoporphyrin IX did not compete tp any extent with Mg protoporphyrin
IX as a substrate for the methyltransferase reaction.

The results were fairly

similar to those presented by Gibson et al. (1963). However, coproporphyrin
III enhanced enzyme activity, the reason for which requires further investigation.
Chelating reagents, such as DTPA, 1, 10-phenanthroline and chromo
tropic inhibited the methyltransferase.

1, 10-phenanthroline has been shown
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to be a chelating
for Mn

2+

, Pb

2+

reagent for Fe
, and Cu

2+

2+

~

Fe

3+
9

Zn

; and DTPA for Fe

2+
2+

and Cu

2+

; chromotropic

. These inhibitions

that ion(s) may be involved in the reaction between two substrates,
activation

9

or a combination

hibited the enzyme reaction,
known.

These results

did not require

clearly

of both.

Fe

2+

, Fe

3+

2+

and F

indicated that the methyltransferase

iron, although it is suggested by the chlorophyll

phyll biosynthesis.

-

imply
enzyme

slightly in-

with the sites and types of inhibition still un-

studies that iron might play an important

role in the latter

The effect of chelating reagents,

valent and monovalent ions on the enzyme reaction
than the enzyme.

, Zn

.

acid

reaction
incorporation

stages of chloro-

other porphyrins,
may affect substrates

diother
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SUMMARY AND CONCLUSIONS

Incorporation

of

14
c-protoporphyrin

ferrous iron was investigated
as a precursor

IX into cbloroph~ll as affe~d

in tobacco tissues.

for chlorophyll biosynthesis

chlorophyll was enhanced by iron.

Protoporphyrin

IX served

in vitro and its incorporation

In both healthy and chlorotic tissue,

rous iron may be involved in biosynthesis

by

steps between protoporphyrin

into
ferIX

and chlorophyll.
S-adenosylmethionine-magnesium
ase from barley seedlings was partially
was found mainly in particulate
homogeruzmg crude extracts
80, precipitation
purification

fractions.

protoporphyrin
purified.

Methyltransferase

Purification

activity

was carried out by

in a buffered medium containing detergent Tween

with protamine

sulfate and ammonium sulfate.

was obtained using either whole chloroplasts

ing both ch}a,ropltr"sts and mitochondria.
on polyacrylamide

IX methyltransfer-

A 20-24 fold

or fractions contain-

Only one visible protein was observed

gel electrophoresis.

Both Mg protoporphyrin

IX and protoporphyrin

the rate of reaction with the latter as substrate

IX served as substrate;

was only about one-fourteenth

of that found with the former.
The enzyme under conditions of the standard assay remained active up
to 3 hours and decreased
protoporphyrin

sharply with further incubation.

The formation of Mg

IX monomethyl ester as a product of the reaction was propor-
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tional to protein

concentration

7. 5 with Tris-HCl
The apparent
sylmethionine

buffer,

Michaelis

up to about 500 )lg.

methyltransferase

constants

activity appeared

(Km) for Mg protoporphyrin

was 48 and 39 µM, respectively,

of 7. 5 in Tris-HCl

was subjected to a temperature

zyme tolerated

a final concentration

and consequently

measured

to be maximal.
IX and S-adeno-

o
at 37 C and at a pH

buffer.

Only trace enzyme activity remained
(in Tris-HCl)

Within a pH range of 7. 0 -

when a solution of the enzyme
of 60° C for 5 minutes.

The en-

of 10% methanol without loss of activity

methanol was used as a solvent for water-insoluble

in the reaction

mixture.

additives

Acetone and ethanol inhibited enzyme activity u:p.der

the same conditions.
Either S-adenosylethionine
tive inhibitor

or S-adenosylhomocysteine

of methyltransferase

adenosylhomocysteine,

competing for S-adenosylmethionine.

a product of the reaction

On the other hand, hemin (ferric protoporphyrin
tive inhibitory

2+

in the presence

were essential

IX) exhibited a non-competi-

slightly,

+

Ag and

protein against thiol inhibitors

of thiol activators.

was

It was suggested that thiol groups

for enzyme activity.

The addition of porphyrins
activity

was an effective inhibitor.

was inhibited by p-chloromercuribenzoate,

. Maximum enzyme activity and/or

observed

S-

effect on the enzyme.

Methyltransferase
Cu

was a competi-

whereas

like coproporphyrin

protoporphyrin

agents such as diethylenetriaminepentaacetic

III increased

IX had little effect.
acid,

enzyme

Chelating re-

1 9 10-phenanthroline

and
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chromotropic

acid inhibited enzyme activity.

the enzyme to varying degrees.
activity

when incubated

served

in the anaerobic

Mg

2+

in the aerobic
state.

Fe

2+
9

Fe

3+

and F

-

caused a slight enhancement
state

9

The reaction

inhibited
of enzyme

while almost no effect was obwas favored under the aerobic

condition.
Rate of methyltransferase
dipyridyl
metals

when protoporphyrin
may be inserted

protoporphyrin
Mg

2+

ly increased

IX served as substrate.

group.

Aerobic

to the enzyme in the aerobic

activity.

followed by barley,

plant species

It is suggested

1

-

of the

favored this reaction.

state; however,

Mg

2+

slight-

conditions.

were chosen for surveillance

of methyl-

The highest enzyme activity was found in cucumber,
pea and soybean seedlings.

tf

that

ring before methylation

conditions

enzyme activity under anaerobic

Four different
transferase

was inhibited by EDTA and cL,

into the protoporphyrin

carboxyl

was inhibitory

reaction
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